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Preface 


Advances  in  Turbulence  VIII  presents  an  updated  sample  of  the  research 
being  performed  world  wide,  with  some  inevitable  bias  towards  work  in  Eu¬ 
rope.  It  contains  an  almost  complete  collection  of  the  papers  delivered  and 
the  posters  discussed  at  the  Eighth  European  Turbulence  Conference  (ETC-8). 
The  event  is  organized,  under  the  auspices  of  the  European  Mechanics  Soci¬ 
ety  (EUROMECH),  by  the  University  of  Zaragoza  and  the  Consejo  Superior 
de  Investigaciones  Cientificas  (CSIC),  with  the  collaboration  of  CIMNE  (Span¬ 
ish  ERCOFTAC  Pilot  Center)  and  the  Universidad  Politecnica  de  Cataluha 
(Barcelona),  where  the  conference  will  be  held  from  June  27  to  30,  2000.  As 
for  ETC-6  (Lausanne)  and  ETC-7  (Nice),  the  present  volume  is  being  produced 
before  the  conference  in  order  to  assure  timely  dissemination  of  the  latest  re¬ 
search  results  and  replaces  the  usual  collection  of  abstracts  which  is  generally 
accessible  only  to  participants.  The  volume  is  thus  geared  towards  specialists  in 
the  area  of  flow  turbulence  who  could  not  attend  ETC-8  as  well  as  to  anybody 
who  would  like  to  quickly  asses  the  most  active  current  research  topics  and  the 
groups  associated  with  them. 

The  papers  presented  and  the  posters  discussed  at  ETC-8  have  been  selected 
by  the  international  EUROMECH  Turbulence  Conference  Committee  (ETCC). 
Besides  the  organizer,  this  committee,  chaired  by  D.  Henningson,  was  composed 
by  T.  Bohr,  I.  Castro,  Y.  Couder,  H.  Fernholz,  L.  Kleiser,  R.  Piva,  D.  Ron- 
neberger  and  G.  J.  van  Heijst;  for  this  occasion  the  ETCC  was  extended  to 
include  A.  Lozano,  J.M.  Redondo  and  L.  Valino  from  the  Regional  Organizing 
Committee.  I  wish  to  express  my  most  sincere  gratitude  to  all  of  them  for  their 
hard  and  efficient  work.  Their  highly  qualified  judgment  made  possible  the  diffi¬ 
cult  task  of  evaluating  478  extended  abstracts  submitted  to  ETC-8  in  a  limited 
time  span,  accepting  over  70%  for  either  oral  presentation  or  poster  discussion. 

ETC-8  reflects  the  original  EUROMECH  philosophy  for  establishing  the  Eu¬ 
ropean  Turbulence  Conferences  of  bringing  together  mathematicians,  physicist 
and  engineers  working  both  on  fundamental  aspects  of  turbulent  flows  as  well 
as  on  their  applications  and  interactions  with  several  physical  and  chemical  pro¬ 
cesses.  Today,  probably  better  than  ever  before,  the  thoughts  of  Leonardo  da 
Vinci  (Those  who  are  endowed  with  practical  skills  with  no  scientific  knowledge 
are  like  a  sailor  who  goes  on  board  with  neither  a  rudder  nor  a  compass;  he 
would  never  know  precisely  where  he  is  heading  for)  are  pertinent.  Admitting 
the  undisputed  validity  of  da  Vincis  ideas,  the  precision,  however,  should  be 
made  that  tools  (modellling,  CFD,  diagnostic  techniques,  etc.)  and  a  well  de¬ 
fined  destination  (engineering  applications)  are  indispensable  travel  companions 
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of  the  rudder  and  compass  (basic  understanding).  In  this  respect,  the  European 
Turbulence  Conferences  seem  to  have  had  a  distinct  flavour  compared  to  similar 
events  over  the  world,  combining  fundamental  aspects  and  applied  state-of-the- 
art  instead  of  keeping  them  apart  and  within  separate  niches. 

The  papers  have  been  grouped  in  the  order  to  be  presented  under  the  different 
sessions  of  ETC-8,  as  this  volume  is  intended  as  a  guideline  of  the  conference  de¬ 
velopment.  New  ideas  and  insights  on  classical  topics  such  as  hydrod5mamic  in¬ 
stability  and  transition,  numerical  simulations  and  modelling,  vortex  dynamics, 
high  Reynolds  number  turbulence  and  intermittency,  geophysical  flows,  com¬ 
pressibility  effects,  transport  and  mixing  and  multiphase  flows  arc  discussed 
along  these  pages,  as  they  have  been  sources  of  interest  since  the  first  confer¬ 
ence.  Only  minor  changes  have  been  introduced  in  comparisu'n  with  ETC-6  and 
ETC-7;  the  ETCC  made  the  sensible  decision  to  embed  into  different  topics  (e.g., 
wall-free  and  wall-bounded  turbulent  shear  flows)  those  previously  included  un¬ 
der  the  umbrella  of  Experiments  and  Experimental  Techniques.  What  was  per¬ 
ceived  as  Industrial  Applications  by  previous  organizers  ranged  from  algebraic 
stress  models  to  the  DNS  of  transonic  flow  around  a  wing;  this  heading  has  been 
supressed  in  this  volume.  A  small  number  of  contributions  dealing  with  differ¬ 
ent  aspects  of  combusting  flows  had  been  presented  in  previous  conferences;  a 
significant  number  of  abstracts,  emphasizing  the  interaction  between  turbulence 
and  chemical  kinetics,  were  submitted  to  ETC-8  and  made  the  organization  of  a 
session  on  Turbulent  Reacting  Flows  possible.  Similarly,  the  topic  of  turbulent 
flow  Control  made  its  way  into  an  independent  scene. 

After  these  remarks,  I  would  like  to  thank  all  the  contributors  for  keeping 
to  the  tight  schedule  for  submission  of  manuscripts  and  for  synthesizing  in  four 
pages  the  work  of  years.  Thanks  are  also  due  to  CIMNE  for  agreeing  to  produce 
this  volume  in  a  very  short  time  and  at  an  unbeatable  price. 

I  would  also  like  to  express  my  gratitude  to  the  members  of  the  Regional 
Organizing  Committee,  A.  Babiano,  J.  Ferre,  F.  Giralt,  J.  Jimenez,  A.  Lozano, 
E.  Ohate,  J.  M.  Redondo,  M.  R.Soler  and  L.  Valino  for  their  help.  In  particular, 
the  continuous  and  efficient  assistance  of  A.  Lozano  and  L.  Valino  has  been  the 
key  to  streamlined  solutions  of  multiple  problems  and  they  should  share  with 
the  organizer  the  credits  for  the  success  of  ETC-8.  The  in-site  collaboration  of 
E.  Ohate  and  J.  M.  Redondo  made  the  organization  from  a  distance  possible. 

Mr.  J.  A.  Picazo  should  also  be  thanked  for  keeping  in  touch  with  the  authors 
as  well  as  for  receiving  the  flood  of  papers,  checking  their  compliance  with  the 
prescribed  ETC-8  format  and  making  the  required  corrections  and  conversions; 
he  has  done  a  great  co-editorial  work. 

Administrative  matters  were  very  professionally  handled  by  Mrs.  P.  Ezquerra, 
M.  Idelsohn  and  L.  Zielonka.  The  assistance  of  Mrs.  E.  Ramos,  M.C.  Ramos  and 
A.  Blanco  at  different  chores  along  the  organization  is  gratefully  acknowledged. 
Finally,  thanks  go  to  all  the  financial  sponsors  (listed  separately)  who  made  the 
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1  Introduction 

To  begin  with,  we  wanted  to  accumulate  some  statistics  about  the  field.  We  de¬ 
cided  that  the  number  of  significant  papers  published  per  year  might  be  useful. 
The  easiest  way  to  do  this  is  to  count  papers  in  five-year  intervals  in  the  bibli¬ 
ography  of  Monin  and  Yaglom’s  massive  work  Statistical  Fluid  Mechanics  ([24]) 
from  1900  to  1965,  where  the  bibliography  stops.  Although  AMY  is  revising 
this  work,  and  will  eventually  bring  the  bibliography  up  to  date,  this  is  not  yet 
available. 

On  the  basis  of  this  data,  necessarily  highly  selective  (representing  only  those 
papers  that  Monin  and  Yaglom  thought  to  be  significant),  we  can  say  that  the 
number  N{t)  of  turbulence  papers  published  per  unit  time  (measured  in  years) 
is  given  by 

N(t)  =  0.434e‘''“«  (1) 

where  t  is  the  number  of  years  since  1900.  That  is,  the  number  of  papers 
published  between  ti  and  t2  is  the  integral  of  N{t)  over  that  interval.  The 
fluctuations  begin  in  the  neighborhood  of  ±22%  near  1900,  and  fall  steadily  to 
±2.5%  near  1965. 

We  should  consider  the  possibility  that  the  exponential  curve  exists  for  other 
reasons.  The  further  in  the  past  an  event  took  place,  the  more  perspective  we 
have,  and  the  more  critical  we  can  be.  Hence,  we  probably  regard  as  noteworthy 
a  smaller  and  smaller  number  of  papers,  the  greater  has  been  the  time  lag  be¬ 
tween  their  writing  and  the  present.  Even  if  the  output  of  papers  were  constant, 
this  would  creat  an  exponential  growth.  Recent  papers  are  more  difficult  to 
evaluate,  and  there  would  be  a  tendency  to  include  a  larger  fraction  as  possibly 
noteworthy.  So,  too  much  reliance  should  not  be  placed  on  Equation  (1).  The 
exponential  growth  is  probably  a  little  slower  than  it  suggests. 

The  question  is,  where  is  the  beginning?  If  the  beginning  is  estimated  from 
a  linear  extrapolation  to  zero  based  on  the  current  slope,  the  beginning  always 
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appears  to  be  11.8  years  in  the  past.  This  probably  explains  the  natural  human 
tendency  to  pay  attention  only  to  recent  papers. 

A  slightly  better  estimate  of  the  beginning  could  be  obtained  as  that  point 
after  which  99%  of  all  existing  papers  were  published.  This  always  appears 
to  be  54  years  in  the  past.  So,  from  this  point  of  view,  turbulence  currently 
appears  to  have  started  about  the  end  of  the  second  world  war,  corresponding- 
very  approximately  with  our  professional  careers. 

Equation  (1)  suggests  that  there  were  only  about  five  papers  from  the  be¬ 
ginning  of  time  until  1900,  or  4.5  from  1874  to  1900.  In  fact,  [24]  list  thirteen, 
one  each  by  Hagen,  Darcy  and  Helmholtz  (in  1839,  1858  and  1869),  two  by 
Boussinesq  (in  1877  and  1897),  three  by  Reynolds  (1874,  1883  and  1894)  and 
five  by  Rayleigh  (1880,  1887,  1892,  1894  and  1895).  This  level  of  fluctuation  is 
considerably  above  (by  a  factor  of  six)  the  fluctuation  level  extrapolated  from 
that  observed  between  1900  and  1965.  It  does  suggest  that  the  last  quarter  of 
the  19th  century  was  an  exceptional  time,  and  that  these  men,  Rayleigh  in  par¬ 
ticular,  were  exceptional  people.  In  fact,  it  is  well  known  that  this  period  was 
extraordinary  [7].  If  we  take  the  period  from  1864  to  1894,  and  limit  ourselves 
to  the  physical  sciences,  we  have  Hamilton,  Maxwell,  Curie,  Faraday,  Kelvin, 
Haber,  Millikan,  Galton,  Mendelyev,  Rutherford,  Westinghouse,  Bosch,  Mar¬ 
coni,  Bell,  Rayleigh,  Wimshurst,  and  Hertz  (in  chronological  order),  and  these 
are  just  the  ones  whose  names  are  instantly  recognizable.  [Wimshurst  may  not 
be  instantly  recognizable  -  he  invented  the  Wimshurst  generator,  a  machine  that 
accumulates  static  charge].  All  these  people  did  something  noteworthy  in  this 
period,  and  some  (e.g.-  Kelvin)  more  than  one  thing. 

On  a  non-statistical  basis,  it  is  probably  fair  to  date  the  beginning  of  the 
field  from  1874.  Leonardo  da  Vinci,  of  course,  also  wrote  some  interesting  things 
about  turbulent  flows,  and  we  are  neglecting  him.  In  addition.  Monin  &  Yaglom 
[24]  refer  in  their  introduction  to  several  unspecified  papers  in  the  first  half  of 
the  19th  century  which  remark  on  the  existence  of  two  distinct  states  of  flow. 

Please  note,  that  we  do  not  yet  know  what  the  field  has  been  doing  since 
1965.  It  seems  doubtful  that  it  has  continued  to  grow  exponentially.  Based  on 
Equation  (1),  the  doubling  time  for  the  number  of  papers  is  8.2  years.  When 
G.  I.  Taylor  wrote  Diffusion  by  Continuous  Movements  in  1921,  there  were  2.6 
papers  per  year.  When  JLL  started  graduate  school,  there  were  36  papers  per 
year,  which  could  still  be  easily  read  by  one  person.  If  we  can  believe  Equation 
(1),  there  arc  currently  2000.  We  doubt  this  -  we  believe  that  the  number  has 
ceased  to  climb  exponentially,  and  the  curve  is  leveling  off  a  bit.  Still,  there  are 
probably  more  papers  in  a  year  than  one  person  can  comfortably  absorb. 

In  fact,  of  course,  we  know  something  about  the  mechanisms  at  work  here. 
We  know  that  in  1965  we  were  still  in  the  initial  phase  of  growth,  since  the 
increase  in  publications  was  still  exponential.  Presumably,  the  working  out  of  a 
single  major  idea  (say,  the  statistical  approach  to  turbulence)  would  produce  first 
an  exponential  increase  in  publications,  then  a  gradual  saturation,  a  leveling  off, 
and  finally  an  exponential  decay.  We  have  not  seen  statistics  on  this  canonical 
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life-cycle.  However,  most  fields  benefit  from  the  infusion  of  new  ideas  at  various 
times,  which  would  upset  this  simple  statistical  picture.  In  turbulence,  the  idea 
of  coherent  structures  might  be  regarded  as  a  new  idea  that  reinvigorated  the 
field.  There  is  no  reason  other  than  pessimism  to  suppose  that  new  ideas  will 
dry  up  any  time  soon. 

Public  support  of  research  in  engineering  and  the  hard  sciences  did  not  begin 
until  just  after  the  Second  World  War,  which  is  to  say,  about  half-way  through 
our  century  of  turbulence.  We  tend  to  think  of  current  research  as  being  inex¬ 
tricably  tied  to  this  public  support,  and  find  it  difficult  to  imagine  maintaining 
the  present  research  establishment  without  this  support.  Yet,  examination  of 
the  production  of  papers  during  the  period  1900-1965  (by  which  time  public 
support  had  been  in  place  for  20  years)  shows  absolutely  no  effect.  The  expo¬ 
nential  growth  in  number  of  papers  continues  as  though  nothing  had  happened. 
Considering  the  current  parlous  state  of  public  support  for  turbulence,  we  might 
find  this  encouraging  -  perhaps  we  will  be  able  to  keep  on  quite  nicely  without 
support.  On  the  other  hand,  perhaps  the  growth  would  have  leveled  off  without 
the  start  of  public  support.  That  suggests  that  we  may  be  in  trouble  due  to  the 
drying  up  of  support. 

In  addition,  in  1956,  the  Soviet  Union  placed  Sputnik  in  orbit,  and  the  US  re¬ 
search  establishment  was  galvanized.  Money  poured  into  US  universities,  which 
expanded  their  engineering  and  hard  science  faculties  substantially.  JLL  was  just 
about  to  receive  his  Ph.D.  His  thesis  advisor  (Stanley  Corrsin)  said  (roughly) 
that  if  we  all  could  hang  in  there,  we  would  all  be  department  heads.  In  fact, 
looking  at  the  record  (which  cuts  off  nearly  ten  years  later)  there  is  no  indication 
that  anything  happened. 

The  curve  of  paper  output  dips  slightly  for  the  two  world  wars,  but  the  dips 
are  no  larger  than  the  general  statistical  variability,  and  have  no  lasting  effect 
on  the  curve.  If  the  reader  did  not  know  there  had  been  a  war  at  that  time,  s/he 
would  not  conclude  from  the  data  that  anything  extraordinary  had  happened. 

The  appearance  of  promising  new  ideas  and  methods  that  seem  significant  to 
us  (Kolmogorov’s  1941  theory,  coherent  structures,  DNS,  chaos,  fractals,  strange 
attractors)  cannot  be  identified  from  the  data. 

2  A  few  threads 

From  the  very  beginning,  there  have  been  two  major  threads  in  turbulence  re¬ 
search.  The  first  concerned  the  calculation  of  the  practical  effects  of  turbulence, 
primarily  the  momentum,  heat  and  mass  transfer,  associated  with  the  design  of 
devices  and  their  interaction  with  their  environment.  The  other  concerned  the 
physics  of  the  turbulence  phenomenon.  Both  these  threads  were  present  in  the 
initial  work  of  Boussinesq  and  of  Reynolds.  They  are  still  with  us.  The  practical 
thread  really  was  two  threads  -  one  is  technological,  and  the  other  geophysical. 
The  geophysical  branch  might  well  be  called  atmospheric  and  oceanic  engineer¬ 
ing,  since  it  is  motivated  by  a  desire  to  calculate  the  effects  of  turbulence  in 
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order  to  predict  the  behavior  of  atmospheric  and  oceanic  phenomena,  in  which 
turbulence  is  only  one  of  many  players.  A  fundamental  desire  to  understand 
turbulence  is  not  always  a  basic  motivation. 

Another  long  thread  concerned  the  establishment  of  the  mathematical  basis 
for  the  treatment  of  stochastic  fields.  There  is,  of  course,  much  work  on  this 
that  has  no  explicit  connection  to  turbulence.  The  part  that  is  explicitly  related 
to  turbulence  probably  began  with  Keller  and  Friedmann’s  paper  in  1924  ([H])- 

We  may  also  mention  the  advent  of  large-scale  computing  of  turbulent  flows, 
which  began  in  1972  with  the  work  of  Orszag  and  Patterson  ([26]),  and  which 
has  surely  grown  exponentially  since  then  (we  have  not  done  a  statistical  anal¬ 
ysis).  Although  the  Reynolds  numbers  attainable  are  still  quite  limited,  direct 
numerical  simulation  of  turbulence  has  taken  the  place  of  experiment  for  some 
simple  flows,  since  it  permits  access  to  quantities  that  are  difficult  to  measure, 
such  as  pressure  fluctuations. 

We  have  already  mentioned  the  early  work  on  the  semi-empirical  approach, 
associated  with  the  names  of  Prandtl  ([27]),  von  Karman  ([34],  )  and  G.  1. 
Ttxylor  ([32],).  High-speed  digital  computers,  of  course,  did  not  yet  exist,  so 
that  the  flows  that  could  be  computed  using  these  simple  models  were  few.  The 
beginnings  of  modern  turbulence  models,  with  the  work  of  Chou  [3],  Kolmogorov 
[15]  (who  proposed  a  two-equation  model)  and  a  little  later,  Rotta  [28]  were  still 
impeded  by  the  general  unavailability  of  high-speed  computation.  Finally,  with 
Daly  &;  Harlow  ([4])  we  come  to  the  arrival  of  large-scale  computing  on  the  scene, 
and  the  beginning  of  the  modern  period  of  turbulence  modeling. 


2.1  The  mathematical  basis 

The  modern  mathematical  theory  of  stocliastic  processes  of  one  variable  was 
originated  by  Wiener [35]  who  had  been  stimulated  by  the  works  of  G. I. Taylor 
on  turbulence,  but  who  considered  only  one  scalar  function  of  time,  and  applied 
his  results  to  Brownian  motion.  Then  Kolmogorov  [12]  developed  the  rigorous 
axiomatic  foundations  of  probability  theory  which  included  the  strict  definition 
of  the  notion  of  a  stochastic  function  of  any  number  of  variables.  Kolmogorov 
also  began  with  application  of  his  results  to  Brownian  motion  but  he  was  look¬ 
ing  simultaneously  for  possible  applications  of  his  new  theory  of  random  fields. 
This  search  attracted  his  attention  to  turbulence.  He  gave  full  credit  to  the 
early  attempt  by  Keller  and  Friedmann  [11]  to  develop  a  probabilistic  theory  of 
turbulent  fields  but  was  mainly  interested  in  investigating  the  physical  mecha¬ 
nism  of  small-scale  turbulent  fluctuations.  His  two  short  notes  [13],  [14]  on  the 
statistical  theory  of  turbulence  included  a  rigorous  statistical  description  of  the 
fields  of  turbulent  variables  as  random  fields  in  the  sense  presented  in  [12],  as 
well  as  the  definition  of  a  new  important  class  of  random  fields  which  had  been 
unknown.  Primarily,  however,  they  were  devoted  to  a  remarkable  attempt  to 
explain  the  mechanism  of  small-scale  turbulence.  To  achieve  this  Kolmogorov 
stated  two  general  statistical  hypotheses  (based  on  non-rigorous  but  convincing 
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heuristic  physical  arguments)  which  describe  the  universal  equilibrium  regime  of 
small-scale  components  in  any  turbulent  flow  at  high  enough  Reynolds  number 
(the  existence  of  such  a  universal  regime  was  predicted  by  Kolmogorov).  Then 
he  considered  the  application  of  these  hypotheses  to  the  determination  of  the 
shapes  of  some  specific  characteristics  of  turbulent  fluctuations.  Kolmogorov’s 
theory  of  1941  (which  is  now  expounded  and  discussed  in  many  monographs 
and  surveys)  cardinally  changed  the  state  of  turbulent  investigations  and  is  ba¬ 
sic  to  all  subsequent  developments  of  turbulent  studies  during  the  second  half 
of  the  20th  century.  Publications  devoted  to  turbulence  which  were  stimulated 
by  Kolmogorov’s  theory  at  first  involved  mainly  the  Moscow  and  Cambridge 
research  groups  (in  Cambridge  G.K.  Batchelor  discovered  Kolmogorov’s  papers 
shortly  after  their  appearance  and  at  once  understood  their  importance)  but 
then  enveloped  all  developed  countries. 

The  first  attempt  to  compare  the  predictions  of  Kolmogorov’s  theory  with 
the  results  of  specially  posed  experiments  were  quite  favorable.  However,  mea¬ 
surements  of  small-scale  turbulent  fluctuations  made  in  the  atmospheric  surface 
layer  by  the  Moscow  group  in  the  late  1950s  revealed  data  clearly  contradicting 
Kolmogorov’s  predictions.  This  showed  that  Kolmogorov’s  similarity  hypotheses 
of  1941,  which  at  first  seemed  quite  convincing,  in  fact  are  only  approximately 
true.  In  1962  Obukhov  [25]  sketched  some  arguments  which  explained  the  con¬ 
tradictions  by  the  influence  of  the  spatial  variation  of  the  rate  of  energy  dissipa¬ 
tion  He  produced  a  crude  quantitative  estimate  of  this  influence,  while 

Kolmogorov  [16],  expanding  on  Obukhov’s  argument,  formulated  a  generalized 
version  of  his  two  hypotheses  of  1941,  and  supplemented  them  by  a  third  hypoth¬ 
esis,  the  three  forming  the  new  theory  of  small-scale  turbulence.  Kolmogorov’s 
theory  of  1962  was  consistent  with  new  experimental  data  and  implied  a  number 
of  additional  consequences  which  could  be  experimentally  verified. 

The  new  Kolmogorov  theory  at  once  attracted  attention  and  produced  new 
activity  in  small-scale  turbulence  studies.  Many  results  may  be  found  in  books 
by  Monin  and  Yaglom  [24],  Hunt,  Phillips  and  Williams  [10],  and  Frisch  [6]  and 
in  research  papers  which  continue  to  appear  regularly. 

2.2  Large  Eddies  /  Coherent  Structures 

The  last  twenty-five  years  have  coincided  with  an  enormous  explosion  of  interest 
in  the  more-or-less  organized  part  of  turbulent  flows.  To  be  sure,  it  has  been 
recognized  for  some  fifty-five  years  that  turbulent  flows  have  both  organized  and 
apparently  disorganized  parts.  Liu  ([20])  has  documented  the  first  appearance 
of  this  idea  around  the  outbreak  of  the  second  world  war.  The  idea  was  probably 
first  articulated  by  Liepmann  ([19]),  and  was  thoroughly  exploited  by  Townsend 
([33]),  but  all  within  the  context  of  the  traditional  statistical  approaches.  How¬ 
ever,  in  ([1],  [2]),  Brown  and  Roshko  presented  visual  evidence  that  the  mixing 
layer,  in  particular,  was  dominated  by  coherent  structures,  and  this  captured 
the  imagination  of  the  field,  which  was  ready  for  a  new  approach.  Within  two 
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years,  the  number  of  citations  in  this  area  had  gone  up  by  a  factor  of  four,  and 
within  two  decades  had  risen  by  a  factor  of  ten.  A  lot  of  immoderate  things 
have  been  said  about  coherent  structures,  and  the  statistical  approaches  that 
were  previously  popular;  a  discussion  of  this,  and  a  current  position  on  why 
coherent  structures  are  present  in  turbulent  flows,  and  why  they  are  present  in 
different  strengths  in  different  flows,  and  how  they  can  be  calculated,  and  when 
they  need  to  be  calculated,  and  what  to  do  with  them  once  you  have  them,  are 
all  discussed  at  length  in  ([8]).  Briefly,  the  coherent  structures  appear  to  be  the 
result  of  an  instability  of  (what  must  be  an  imaginary)  flow  with  turbulence  but 
without  coherent  structures,  and  they  can  be  calculated  approximately  by  using- 
stability  arguments  of  various  sorts.  It  is  not  always  necessary  to  take  them  into 
account  explicitly,  depending  on  the  particular  purpose  of  the  calculation;  on 
the  other  hand,  it  can  be,  for  some  purposes,  very  profitable  to  model  the  flow 
as  coherent  structures  plus  a  parameterized  turbulent  background,  and  so  con¬ 
struct  a  low-dimensional  model  of  the  flow.  Such  models  can  be  used  whenever 
an  inexpensive  surrogate  of  the  flow  is  needed,  and  have  been  very  helpful  in 
shedding  light  on  the  basic  physical  mechanisms. 


2.3  Chaos  /  Dynamical  Systems  Theory 

The  early  investigations  of  instability  and  transition  were  mostly  based  on  classi¬ 
cal  nonlinear  dynamical  systems  theory,  originated  by  Poincare  at  the  end  of  the 
19th  century.  Therefore,  transition  to  turbulence  was  modeled  by  a  sequence  of 
simple  Hopf  bifurcations  [or  Poincare-Andronov-Hopf  bifurcations;  see  e.g.  [23]]. 
Every  such  bifurcation  increases  by  one  the  dimension  of  the  phase  space  of  the 
dynamical  system,  making  its  behavior  more  and  more  complicated  and  disor¬ 
dered.  This  scenario  of  transition  was  proposed  by  Landau  [17],  illustrated  by 
some  mathematical  examples  by  Hopf  [9]  and  for  many  years  was  considered  as 
the  unique  plausible  scenario;  in  particular,  it  was  the  only  scenario  considered 
in  the  early  editions  of  Landau  and  Lifshitz  [18]  and  in  Monin  and  Yaglom  [24]. 

However,  the  rapid  development  of  dynamical  systems  theory  in  the  second 
half  of  the  last  century,  well  illustrated  by  the  paper  by  Smale  [30],  showed  that 
in  fact  the  Landau  scenario  often  is  far  from  typical  or  cannot  be  realized  [see, 
e.g.,  the  last  edition  of  [18]].  Smale  showed  that  for  many  dynamical  systems 
a  more  probable  scenario  involves  the  appearance  in  phase  space  of  a  ’strange 
attractor’,  a  set  of  very  complicated  topological  structure,  to  which  the  system 
trajectories  are  gradually  attracted.  This  implies  chaotic  behavior  of  the  system, 
and  the  exponential  divergence  of  neighboring  trajectories.  Ruelle  and  Takens 
[29]  were  the  first  to  assume  that  the  Navier-Stokes  equations  have  a  strange 
attractor,  appearing  after  a  few  elementary  Hopf  bifurcations,  and  that  the 
resulting  chaotic  behavior  described  transition. 

So  far,  these  ideas  have  been  successfully  api)lied  only  to  turbulence  near 
transition,  or  near  a  wall,  so  that  a  relatively  small  number  of  degrees  of  freedom 
will  have  been  excited,  and  the  turbulence  will  be  relatively  simple,  and  can  be 
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described  by  a  mechanical  system  of  relatively  few  degrees  of  freedom.  As  the 
system  moves  farther  from  transition,  or  from  a  wall,  more  and  more  degrees 
of  freedom  are  excited,  until  the  structure  of  the  attractor  becomes  so  complex 
that  the  system  must  be  treated  statistically.  The  ideas  from  dynamical  systems 
theory  have  been  successfully  used  to  analyze  the  low-dimensional  models  that 
have  been  constructed  of  turbulence  near  a  wall  or  near  transition.  See  also  ([8]), 

{[51). 


2.4  Traditional  Problems 

Of  course,  the  problems  on  which  people  worked  before  the  attractive  new  ap¬ 
proaches  came  on  the  scene  (above)  are  still  with  us.  ([24])  is  an  excellent  source 
for  a  survey  of  such  problems,  although  it  does  not  contain  the  most  recent  re¬ 
sults.  The  following  list  is  intended  to  be  illustrative,  not  exclusive: 

•  the  asymptotic  behavior  of  turbulence  for  large  Reynolds  number,  which 
is  beyond  the  reach  of  experiment  or  computation,  has  been  a  source  of 
fascination  ([21]). 

•  The  asymptotic  behavior  of  jets,  wakes  and  shear  layers  at  great  distances 
from  the  origin  is  also  beyond  the  reach  of  experiment  or  computation, 
and  exerts  a  strange  attraction  -  there  is  evidence  that  these  flows  remem¬ 
ber  their  initial  conditions  far  longer  than  we  had  suspected.  Is  there  a 
universal  state  to  which  these  flows  tend  (as  was  once  believed),  even  if 
slowly,  or  is  there  not? 

•  It  has  been  an  article  of  faith  for  fifty  years  that  the  small  scales  were  more 
nearly  isotropic  than  the  large  scales,  and  while  that  does  appear  to  be 
true,  we  have  found  that  they  are  often  a  great  deal  less  isotropic  than  we 
might  have  expected,  especially  for  a  scalar.  The  mechanisms  for  this  are 
being  investigated. 

•  We  have  found  that  there  is  a  certain  residual  anisotropy  in  the  small  scales 
even  at  infinite  Reynolds  number,  associated  with  intercomponent  energy 
transfer. 

•  While  it  is  clear  that  in  three-dimensional  turbulence,  if  averages  are  taken 
over  a  sufficient  region  or  a  long  enough  time,  energy  is  transferred  from 
large  scales  to  small,  it  is  also  now  clear  that  for  short  times,  or  small 
regions,  energy  can  flow  the  other  way.  This  is  known  as  back-scatter,  a 
term  that  we  feel  was  poorly  chosen,  but  it  is  too  late  now. 

There  are  also  many  fundamental  questions  connected  with  geophysics. 

As  a  result  of  the  construction  of  low-dimensional  models  for  the  wall  region 
of  the  turbulent  boundary  layer,  we  are  coming  to  have  some  understanding  for 
the  dynamical  role  of  the  secondary  instabilities  that  occur  in  the  wall  region, 
which  lead  to  what  are  called  bursts.  Some  light  has  been  shed  on  the  interaction 
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between  these  phenomena  and  adverse  and  favorable  pressure  gradients  ([31]). 
The  time  is  now  ripe  to  extend  this  understanding  to  flows  on  concave  and 
convex  walls,  and  as  influenced  by  a  non-inertial  rotating  frame.  This  would 
have  interesting  applications  in  axial  flow  turbomachines. 

The  fundamental  study  of  turbulent  combustion,  or  even  of  turbulent  reacting 
flows  without  heat  release,  is  still  in  its  infancy. 


3  Acknowledgments 

We  are  grateful  to  the  following  Cornell  students:  Louise  Parsons,  Cem  Al- 
bukrek,  Sheng  Xu,  Vejapong  Juttijudata,  Peter  Blossey,  Gadi  Reinhorn  and 
Kiran  Bhaganagar;  who  took  on  the  thankless  task  of  counting  publications. 

Supported  in  part  by  Contracts  No.  F49620-92-J-0287and  F49620-97-1-0203 
jointly  funded  by  the  U.  S.  Air  Force  Office  of  Scientific  Research  (Control  and 
Aerospace  Programs),  and  the  U.  S.  Office  of  Naval  Research,  in  part  by  Grants 
No.  F49620-92-J-0038,  F49620-99-1-0012  and  F49620-96-1-0329,  funded  by  the 
U.  S.  Air  Force  Office  of  Scientific  Research  (Aerospace  Program),  in  part  by 
Grant  Number  CTS-9613948  funded  by  the  U.  S.  National  Science  Foundation 
and  in  part  by  the  Physical  Oceanography  Programs  of  the  U.  S.  National  Science 
Foundation  (Contract  No.  OCE-901  7882)  and  the  U.  S.  Office  of  Naval  E.esearch 
(Grant  No.  N00014-92-J-1547). 

Some  of  this  material  previously  appeared  in  [22]. 


References 

[1]  G.  Brown  and  A.  Roshko.  The  effect  of  density  difference  on  the  turbu¬ 
lent  mixing  layer.  In  A.G.A.R.D.  Conference  on  Turbulent  Shear  Flows, 
Conf.  Proceedings  No.  93,  pages  23/1-23/12.  NATO  Advisory  Group  for 
Aerospace  Research  and  Development,  1971. 

[2]  G.  L.  Brown  and  A.  Roshko.  On  density  eff'ects  and  large  structure  in 
turbulent  mixing  layers.  Journal  of  Fluid  Mechanics,  64:775-816,  1974. 

[3]  P.-Y.  Chou.  On  an  extension  of  Reynolds’  method  of  finding  apparent  stress 
and  the  nature  of  turbulence.  Chinese  Journal  of  Physics,  pages  1-53,  1940. 

[4]  B.  J.  Daly  and  F.  H.  Harlow.  Transport  equations  in  turbulence.  Plujs. 
Fluids,  13:2634-2649,  1970. 

[5]  M.  Farge.  Wavelet  transforms  and  their  applications  to  turbulence.  Ann. 
Rev.  Flu.  Meeh.,  24:395-457,  1992. 

[6]  U.  Risch.  Turbulence.  The  Legacy  of  A.  N.  Kolm.ogorov,  Cambridge,  UK: 
Cambr.  Univer.  Press.  1995. 


A  Century  of  Turbulence 


11 


[7]  B.  Grun.  The  Timetables  of  History.  Simon  &  Schuster,  Inc.,  New  York, 
NY,  1982.  A  Touchstone  Book. 

[8]  P.  J.  Holmes,  G.  Berkooz,  and  J.  L.  Lumley.  Turbulence,  Coherent  Struc¬ 
tures,  Dynamical  Systems  and  Symmetry.  Cambridge  University  Press, 
1996. 

[9]  E.  Hopf.  A  mathematical  example  displaying  features  of  turbulence.  Comm. 
Pure  Appl.  Math.,  1:303-322.  1948. 

[10]  J.  C.  R.  Hunt,  0.  M.  Phillips  and  D.  Wiliams  (eds).  Turbulence  and  Stochas¬ 
tic  Processes:  Kolmogorov’s  Ideas  50  Years  on,  London:  Royal  Society. 
240pp.  1991. 

[11]  L.  V.  Keller  and  A.  A.  Pidedmann.  Differentialgleichung  fiir  die  turbulente 
Bewegung  einer  kompressiblen  Fliissigkeit.  Proceedings  of  1st  International 
Congress  of  Applied  Mechanics,  pages  395-405,  1924.  Delft. 

[12]  A.  N.  Kolmogorov .  Grundbegriffe  der  Wahrscheinlichkeitsrechnung,  Berlin: 
Springer.  1933. 

[13]  A.  N.  Kolmogorov.  Local  structure  of  turbulence  in  an  incompressible  fluid 
at  very  high  Reynolds  numbers.  Dokl.  Akad.  Nauk  SSSR,  30:299-303.  1941. 

[14]  A.  N.  Kolmogorov.  Energy  dissipation  in  locally  isotropic  turbulence,  Dokl. 
Akad.  Nauk  SSSR,  32:19-21.  1941. 

[15]  A.  N.  Kolmogorov.  Equations  of  turbulent  motion  of  an  incompressible  fluid, 
Izv.  Akad.  Nauk  SSSR,  Ser.  Fiz.,  6:56-58.  1942. 

[16]  A.  N.  Kolmogorov.  A  refinement  of  previous  hypotheses  concerning  the  local 
structure  of  turbulence  in  a  viscous  incompressible  fluid  at  high  Reynolds 
numbers.  J.  Fluid  Mech.,  13:82-85.  1962. 

[17]  L.  D.  Landau.  On  the  problem  of  turbulence,  Dokl.  Akad.  Nauk  SSSR, 
44:339-342.  1944  (Engl.  transL  in  C.  R.  Acad.  Sci.  URSS,  44:311-314,  and 
in  Collected  Papers,  pp.  387-391,  Oxford:  Pergamon  Press  and  New  York: 
Gordon  and  Breach,  1965). 

[18]  L.  D.  Landau  and  E.M.  Lifshitz.  Mechanics  of  Continuous  Media,  Moscow: 
Gostekhisdat  (1st  Rusian  edition)  1944;  Mechanics  of  Continuous  Media, 
Moscow:  Gostekhisdat,  (2nd  Russian  edition)  1953;  Fluid  Mechanics,  Lon¬ 
don:  Pergamon  Press  (1st  English  edition)  1958;  Fluid  Mechanics,  London: 
Pergamon  Press  (revised  English  edition)  1987. 

[19]  H.  W.  Liepmann.  Aspects  of  the  turbulence  problem.  Part  II.  Z.  Angew. 
Math.  Phys.,  3:407-426,  1952. 


12 


J.  L.  Lumley  and  A.  M.  Yaglom 


[20]  J.  T.  C.  Liu.  Contributions  to  the  understanding  of  large-scale  coherent 
structures  in  developing  free  turbulent  shear  flows.  Advances  in  Applied 
Mechanics,  26:183-309,  1988. 

[21]  J.  L.  Lumley.  Some  comments  on  turbulence.  Physics  of  Fluids  A,  2:203- 
211,  1992. 

[22]  J.  L.  Lumley,  A.  Acrivos,  L.  G.  Leal,  and  S.  Leibovich,  editors.  Research 
Trends  in  Fluid  Dynamics.  American  Institute  of  Physics,  Woodbury,  NY, 
1996. 

[23]  J.  E.  Marsden  and  M.  McCracken.  The  Hopf  Bifurcation  and  its  Applica¬ 
tions,  New  York:  Springer.  1976. 

[24]  A.  S.  Monin  and  A.  M.  Yaglom.  Statistical  fluid  mechanics.  The  MIT  press. 
Volume  I,  1971;  Volume  II,  1975.  Translation  editor  J.  L.  Lumley. 

[25]  A.  M.  Obukhov.  Some  specific  features  of  atmospheric  turbulence.  J.  Fluid 
Mech.,  13:77-81.  1962. 

[26]  S.  A.  Orszag  and  G.  S.  Patterson.  Numerical  simulation  of  three- 
dimensional  homogeneous  isotropic  turbulence.  Physical  Review  Letters, 
28:76-79,  1972. 

[27]  L.  Prandtl.  Uber  die  ausgebildete  Turbulenz.  ZAMM,  5:136-139,  1925. 

[28]  J.  C.  Rotta.  Statistische  Theorie  nichthomogener  Turbulenz.  Z.  Phys., 
129:547-572,  1951. 

[29]  D.  Ruelle  and  F.  Takens.  On  the  nature  of  turbulence.  Comm.  Math.  Phys., 
20:167-192.  1971, 

[30]  S.  Smale.  Differential  dynamical  systems.  Bull.  Amer.  Math.  Soc.,  73:747- 
817.  1967. 

[31]  E.  Stone.  A  Study  of  Low  Dimensional  Models  for  the  Wall  Region  of  a 
Turbulent  Layer.  PhD  thesis,  Cornell  University.,  1989. 

[32]  G.  I.  Taylor.  Eddy  motion  in  the  atmosphere.  Phil.  Trans.  Roy.  Soc., 
A215:l-26,  1915. 

[33]  A.  A.  Townsend.  The  Structure  of  Turbulent  Shear  Flow.  Cambridge  Uni¬ 
versity  Press,  1956. 

[34]  T.  von  Karman.  Mechanische  Anlichkeit  und  Turbulenz.  Proceedings  3rd 
International  Congress  of  Applied  Mechanics,  Pt.  I,  pages  85-105,  1930. 
Stockholm. 

[35]  N.  Wiener.  Differential  space,  J.  Math.  Phys.  Mass.  Inst.  Techn.,  2:131-174. 
1923. 


I 


Instabilities  and  Transition 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Three-dimensional  instability  of  two 
merging  vortices 

P.  Meunier,  T.  Leweke  and  M.  Abid 

IRPHE,  CNRS/Universites  Aix-Marseille 
12  avenue  General  Leclerc,  F-13003  Marseille,  FRANCE 

Contact  e-mail:  meunier@manus.univ-mrs.fr 


1  Introduction 

We  investigate  experimentally  and  numerically  the  three-dimensional  dynamics 
of  a  pair  of  corotating  laminar  vortices.  A  well-known  feature  of  such  a  flow 
is  the  merging  of  the  two  vortices  into  a  single  one.  It  has  been  established 
by  numerous  studies,  mostly  of  2D  inviscid  flows  [1,  2],  that  merging  occurs 
whenever  the  size  of  the  vortex  cores,  scaled  on  their  separation  distance,  exceeds 
a  certain  limit.  Recent  experiments  [3]  have  shown  that  the  viscous  evolution 
of  the  pair  can  be  decomposed  into  three  distinct  phases:  1)  the  viscous  growth 
of  the  cores  up  to  a  critical  radius  of  about  25%  of  the  separation  distance, 
2)  the  convective  merging  of  the  vortices  into  a  single  core  with  spiral  arms, 
and  3)  the  axisymmetrisation  and  viscous  diffusion  of  the  final  vortex.  However, 
such  a  description  does  not  take  into  account  the  possibility  of  3D  instabilities, 
which  may  significantly  change  this  picture. 


2  Description  of  the  flow 

In  our  experiments,  the  vortices  are  generated  in  a  water  tank  using  two  flat 
plates  with  sharpened  edges,  impulsively  started  from  rest.  Visualization  is 
achieved  using  fluorescent  dyes.  Direct  numerical  simulations  (DNS)  were  per¬ 
formed  by  solving  the  3D  Navier-Stokes  equations  using  a  spectral  code  with 
second-order  accuracy  in  time.  The  vortex  pair  is  characterized  by  the  circula¬ 
tion  r  of  each  vortex,  the  separation  b  between  vortex  centers,  and  a  charac¬ 
teristic  core  radius  a,  defined  by  the  approximately  Gaussian  distribution  of  the 
vortices: 


u;  = 


r 

Tra'^ 


2 
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These  parameters  are  determined  from  flow  field  measurements  using  Particle 
Image  Velocimetry.  The  (initial)  conditions  for  the  cases  discussed  in  the  follow¬ 
ing  were  Re  =  rju  -  4100,  aojho  =  0.15  for  the  experiment,  and  Re  =  1000, 
ciolho  —  0.10  plus  an  initial  perturbation  for  the  DNS. 


3  Three-dimensional  instability 

Two  point  vortices  of  the  same  circulation  P  and  separated  by  a  distance  h 
rotate  around  each  other  with  a  turnover  period  tc  =  27r'^b'^/r.  It  was  shown 
theoretically  [4]  that  this  system  is  stable  with  respect  to  3D  perturbations. 
However,  Fig.  1(a)  shows  a  clear  observation  of  a  short-wavelength  instability, 
which  is  due  to  the  non-vanishing  size  of  the  vortex  cores.  The  pair  is  seen  from 
the  side,  and  the  initially  straight  vortex  center  lines,  marked  by  bright  dye 
filaments,  are  subject  to  wavy  perturbations,  whose  axial  wavelength  is  about 
one  vortex  spacing  b.  The  contours  of  axial  vorticity  in  Fig.  1(b),  obtained 
by  DNS,  show  the  associated  distortion  of  the  initially  symmetric  distribution. 


Figure  1:  Elliptic  instability  of  corotating  vortices,  (a)  Dye  visualization  (side 
view),  {h)  Axial  vorticity  from  DNS.  (c)  Growth  of  centerline  deformation: 
experiment  (symbols)  and  theory  [6]  (line),  e:  mutually  induced  external  strain 
in  the  cores. 
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The  instability  mode  is  stationary  in  the  rotating  frame  of  reference  of  the  pair, 
and  the  perturbations  on  the  two  vortices  are  found  to  be  in  phase.  In  the 
experiment,  this  instability  was  observed  for  Re  >  2000,  i.e.  when  the  initial 
phase  before  merging  is  sufficiently  long. 

The  characteristic  spatial  structure  of  the  instability  is  very  similar  to  that  of 
the  cooperative  elliptic  instability  of  a  counterrotating  pair  [5].  Precise  measure¬ 
ments  of  the  growth  of  the  centerline  deformations  (Fig.  1(c)),  show  very  good 
agreement  with  the  predictions  of  elliptic  instability  theory  for  a  single  Gaussian 
vortex  in  a  uniform  strain  [6]. 

4  Turbulent  vortex  merging 

When  the  perturbation  amplitude  gets  sufficiently  large,  layers  of  fluid  initially 
orbiting  one  vortex  are  drawn  around  the  respectively  other  vortex  in  a  periodic 
interlocking  fashion.  The  corresponding  tongues  of  dye  are  faintly  visible  in 
Fig.  1(a).  These  tongues  contain  vorticity,  which  is  reoriented  and  stretched 
into  perpendicular  secondary  vortices  wrapping  around  the  primary  pair.  This 


Figure  2:  Sideview  (a)  and  cross-cut  section  (b)  of  the  turbulent  vortex  after 
merging  of  two  corotating  vortices  in  the  presence  of  a  3D  instability,  (c)  Evo¬ 
lution  of  the  non-dimensional  core  size  a /bo  with  and  without  instability.  Solid 
lines;  Theoretical  viscous  growth  of  a  Gaussian  vortex  defined  by  (1). 
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exchange  of  fluid  (and  vorticity)  between  the  vortices  has  two  consequences: 

1)  the  vortices  are  drawn  closer  together,  initiating  a  premature  merging,  and 

2)  the  interaction  between  primary  and  secondar}^  vortices  leads  to  the  almost 
explosive  breakdown  of  the  flow  into  small-scale  motion  during  this  merging  (see 
Fig.  2(a,b)).  Eventually,  the  flow  relaminarizes,  and  one  finds  again  a  single 
viscous  vortex  at  the  end.  The  non-dimensional  core  size  a/bo  of  file  two  initial 
vortices  before  merging  and  of  the  final  vortex  after  merging  is  plotted  as  a 
function  of  time  in  Fig.  2(c).  It  shows  that,  in  the  presence  of  the  instability, 
merging  sets  in  much  earlier,  and  that  the  final  vortex  appears  to  be  bigger  than 
in  a  two-dimensional  laminar  flow, 

5  Conclusion 

We  have  presented  experimental  results  concerning  the  interaction  between  two 
identical,  parallel,  initially  laminar  vortices.  A  three-dimensional  instability  is 
discovered,  showing  the  characteristic  features  of  a  cooperative  elliptic  instability 
of  the  vortex  cores.  The  subsequent  stage  of  small-scale  turbulent  flow  makes 
the  vortices  merge  for  smaller  core  sizes  than  in  a  2D  laminar  flow.  The  final 
vortex  seems  to  be  larger  and  more  turbulent  than  in  the  absence  of  instability. 
Experiments  are  presently  underway  to  quantify  in  more  detail  this  effect  of 
three-dimensional  instability  on  vortex  merging. 
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1  Introduction 

A  prominent  feature  of  strongly  stratified  turbulence  observed  in  laboratory  ex¬ 
periments,  numerical  simulations  and  field  observations  in  the  oceans  and  in  the 
atmosphere  is  the  emergence  of  coherent  horizontal  pancake  vortices  organized 
in  decoupled  horizontal  layers[l]. 

To  understand  the  mechanism  responsible  for  the  emergence  of  such  layers 
and  the  thickness  selection,  we  have  studied  the  dynamics  of  a  prototype  flow: 
a  columnar  vertical  vortex  pair  in  a  strongly  stratified  fluid.  This  basic  flow  is 
initially  uniform  along  the  vertical  but  we  have  observed  experimentally  that 
an  instability,  which  we  name  zigzag  instability,  slices  the  vortex  pair  into  thin 
horizontal  layers.  We  describe  experimental,  theoretical  and  numerical  investiga¬ 
tions  on  this  new  instability.  Potential  implications  for  the  dynamic  of  pancake 
turbulence  are  discussed  in  the  concluding  section. 

2  Experimental  evidence  for  the  zigzag  instabil¬ 
ity 

A  60  cm  long  columnar  vertical  vortex  pair  is  created  by  computer-controlled 
flaps,  i.e.  two  rotating  vertical  plates.  When  the  horizontal  Fi-oiide  number 
Fh  {Fh  —  UjLhN,  where  U  is  the  dipole  traveling  velocity,  Ln  is  the  horizontal 
lengthscale  taken  as  the  dipole  radius  R  and  N  is  the  Brunt- Vaisala  frequency)  is 
below'  0.21,  the  vortex  pair  is  subjected  to  the  zigzag  instability  (figure  1)  which 
is  distinct  from  the  Crow  and  elliptic  three-dimensional  instabilities  known  to 
occur  on  vortex  pairs  in  a  homogeneous  fluid  [2].  The  zigzag  instability  consists 
of  a  vertically  modulated  rotation  and  a  translation  of  the  columnar  vortex  pair 
perpendicularly  to  the  traveling  direction  with  almost  no  change  of  the  dipole’s 
cross-sectional  structure.  Ultimately  the  vortex  pair  is  sliced  into  thin  horizontal 
layers  of  independent  pancake  dipoles  (figure  1).  This  is  to  be  contrasted  with  the 
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(a)  (b)  (c) 

Figure  1:  Fi'ont  views  showing  the  development  of  the  zigzag  instability  for 
Fk  =  0.17  and  Re  =  233  at  ^  =  7  s  (a),  75  s  (b)  and  176  s  (c). 


elliptic  instability  which  develops  for  Fn  >  0.21  and  distorts  the  inner  structure 
of  each  vortex [2]. 


3  Phase  dynamics  of  the  zigzag  instability 

A  striking  characteristic  of  the  zigzag  instability  is  that  the  horizontal  dipole 
structure  is  only  weakly  perturbed.  This  observation  suggests  that  the  vortex 
pair  can  be  described  by  ’’macroscopic”  or  phase  variables  such  as  location  and 
orientation  of  the  dipole  in  the  horizontal  plane  and  that  a  long-wavelength  linear 
stability  analysis  can  be  carried  out  in  the  spirit  of  phase  dynamic  approaches. 
The  relevant  phase  variables  for  the  zigzag  instability  are  77,  the  ^/-coordinate 
of  the  dipole  along  the  axis  perpendicular  to  the  initial  travelling  direction  and 
0,  the  angle  of  propagation.  By  considering  that  t]  and  (p  vary  slowly  with  the 
vertical  coordinate  and  with  time,  and  that  F/,  <1,  we  have  found  by  a  multiple- 
scale  perturbation  analysis  in  the  inviscid  limit  that  7/  and  4>  are  governed  by 


dri 

d(() 


(f>, 

iD  +  Fig^)Fl^+g,Fll^, 


(1) 

(2) 


up  to  the  fourth  order  in  Fh  and  d/dz.  The  coefficients  D  —  3.67,  gi  — 

-56.4,  02  =  -16.1  have  been  exactly  calculated  from  solvability  conditions 
using  the  Lamb- Chaplygin  dipole  as  basic  state.  Inserting  three-dimensional 
disturbances  of  the  form  oc  exp(cr^  +  ik,z)  yields  the  dispersion  relation 


-FF^Ff  -b  g2Fikt  -  giFj^,kl 


(3) 
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Figure  2:  (a)  Wavenumber  k^:  max  and  (b)  growth  rate  cr-max  of  the  fastest 
growing  perturbation  as  a  function  of  the  inverse  Froude  number  for  (Re  = 
10000,  Sc  =1). 


which  is  an  expansion  for  small  Fi-oude  number  and  small  wavenumber  of  the 
exact  dispersion  relation.  Since  D  and  gi  are  negative,  this  dispersion  relation 
indicates  the  existence  of  a  long-wavelength  instability  which  consists  of  of  a 
vertically  modulated  rotation  (l)(z,t)  and  translation  T]{z,t)  of  the  vortex  pair 
perpendicularly  to  the  propagation  direction  in  qualitative  agreement  with  the 
behaviour  of  the  zigzag  instability  observed  in  the  experiment.  It  is  also  par¬ 
ticularly  noteworthy  that  the  first  two  terms  in  the  rhs  of  (3)  are  of  the  form 
implying  that  the  most  amplified  wavenumber  scales  as  k-  max  oc  l/F^ 
when  Fh  ->  0  since  the  third  term  is  then  negligible.  The  corresponding  max¬ 
imum  growth  rate  cFmax  is  thus  independent  of  F^.  In  dimensional  form,  this 
corresponds  to  a  growth  rate  scaling  like  the  turnover  time  scale  U/Lh  and  a 
wavelength  A  scaling  like  U/N.  Physically,  this  means  that  the  zigzag  instabil¬ 
ity  survives  in  the  limit  of  strong  stratification  but  the  thickness  of  the  ensuing 
layers  becomes  thinner  and  thinner  as  Fh  decreases. 


4  Three-dimensional  stability  analysis 

In  order  to  check  these  theoretical  scaling  laws,  we  have  carried  out  a  numerical 
stability  analysis  of  the  Lamb- Chaplygin  dipole.  Figure  2  shows  the  maximum 
growth  rate  Omax  and  the  associated  wavenumber  k~  max  as  a  function  of  the 
inverse  Froude  number  for  Reynolds-Schmidt  numbers  {Re  =  10000, 5c  =  1}  ap¬ 
proaching  the  non-diffusive  limit.  Two  distinct  regimes  can  be  clearly  identified. 
For  Fh  >  0.25,  the  instability  is  of  elliptic  type  and  stratification  effects  are  sta¬ 
bilizing.  In  contrast,  when  Fh  <  0.2,  the  instability  is  of  zigzag  type  and  k^  max 
is  growing  with  1/Fh  while  (Tmax  is  almost  constant  as  predicted  theoretically. 
The  agreement  with  the  theory  is  not  only  qualitative  but  also  quantitative:  as 
seen  from  figure  3,  the  analytical  and  numerical  zigzag  eigenmodes  are  in  strik¬ 
ing  agreement.  There  is  also  a  quite  good  agreement  between  the  numerically 
calculated  wavelength  for  Reynolds  numbers  typical  of  experimental  conditions 
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Figiii'c  3:  Comparison  between  the  numerical  (a)  and  analytical  (b)  vertical 
vorticity  of  the  zigzag  eigenmode  in  the  horizontal  plane  for  Fu  =  0.033,  = 

8.25,  Re  =  10000. 


and  experimental  measurements. 

5  Conclusions 

These  results  demonstrate  that  an  instability  can  be  responsible  for  the  emer¬ 
gence  of  layered  pancake-shaped  vortices  with  a  typical  thickness  scaling  like 
U/N.  On  the  basis  of  a  self-similarity  of  the  equations  of  motion  when  Fj,  1, 
this  scaling  law  can  be  extended  to  any  strongly  stratified  inviscid  flow.  For  such 
a  fine  vertical  scale,  the  leading  order  governing  equations  of  strongl}^  stratified 
flows  are  not  two-dimensional  in  contradiction  with  a  previous  conjecture[l,  3]. 
This  scaling  law  implies  also  that  the  vertical  spectrum  of  horizontal  kinetic 
energy  of  pancake  turbulence  should  be  of  the  form  E{k~)  oc  N^kr"^,  giving  an 
alternative  explanation  for  the  observed  vertical  spectra  in  the  atmosphere  and 
oceans  [4]. 
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1  Introduction 


Studies  of  flow  behind  a  single  cylinder  have  greatly  contributed  to  our  under¬ 
standing  of  the  development  of  complex  flows  like  the  Karman  vortex  street  [1] 
or  turbulent  flows.  At  the  first  instability  in  such  a  system  the  laminar  flow  (LF) 
becomes  time  dependent  and  vortices  appear.  It  has  been  shown  that  this  tran¬ 
sition  to  the  vortex  shedding  phase  (VS)  is  well  described  by  the  supercritical 
Hopf  bifurcation  [2]. 


Figure  1:  Schematic  of  the  experimen-  Figure  2:  Interference  pictures  of  the 
tal  setup.  The  diameter  d  of  the  rod  is  flowing  soap  film  below  the  rod  in  (a) 
1mm.  The  0.2mm  thick  nylon  lines  are  the  laminar  state  and  (b)  the  vortex 
tied  to  a  weight  at  the  bottom.  shedding  state. 
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2  Hysteretic  Primary  Instability  in  Soap  Films 

Soap  films  have  been  shown  to  be  a  particularly  useful  for  the  study  of  two  dimen¬ 
sional  flows[3].  Here  we  present  measurements  demonstrating  that  the  LF— >VS 
transition  can  be  hysteretic  in  a  (quasi-two  dimensional)  soap  film  penetrated 
by  a  glass  cylinder[4].  Our  experimental  setup  consists  of  a  rapidly  flowing  soap 
film  formed  between  two  vertically  positioned  thin  nylon  lines  (see  Fig.  1).  The 
film  is  fed  continuously  from  the  topjhrough  a  valve.  To  investigate  the_flow 
at  different  Reynolds  numbers  Re  =  Vdjv  we  changed  the  mean  velocity  V  by 
either  opening  and  closing  the  valve  at  different  rates  or  by  changing  the  separa¬ 
tion  of  the  nylon  lines,  using  computer  controlled  stepping  motors  (here  jy  is  the 
kinematic  viscosity).  At  the  center  of  the  parallel  segment  of  the  set-up,  a  glass 
rod  penetrates  the  film  in  the  2  direction.  The  velocity  measurements  were  made 
using  a  dual  head  lasCT  Doppler  velocimeter  (LDV).  The  fluctuating  horizontal 
component  Vx{t)  and  V  were  measured  simultaneously  below  and  above  the  rod 
respectively. 

On  increasing  the  flow  rate  a  transition  appears  from  the  LF  state  to  the 
VS  state.  Below  the  transition,  the  flow  is  characterized  by  two  counter-rotating 
vortices  underneath  the  rod  (Fig.  2a).  In  the  VS  state  these  recirculating  vortices 
peel  off  the  rod  and  flow  downstream.  The  continuously  generated  counter¬ 
rotating  vortices  form  the  Karman  vortex  street  (Fig.  2b).  All  experiments  start 
with  slowly  increasing  V  in  the  LF  regime.  The  critical  velocity, jwhere  VS 
commences,  is  called  After  some  waiting  time  in  the  VS  state,  V  is  slowly 
decreased.  At  the  system  undergoes  a  reverse  transition,  i.e.  from  VS 

into  LF.  This  cycle  was  repeated  several  times  in  each  run  with  14  (i)  and  V 
being  recorded  simultaneously. 

In  order  to  determine  the  transition  velocities,  we  have  calculated  the  velocity 
probability  distribution  function  P(14)  from  14(0  by  a  standard  binning  proce¬ 
dure.  In  Fig.  3  the  magnitude  of  P(14,0  is  mapped  into  gray  scale  values  and 
is  shown  as  a  function  of  14  and  t.  It  can  be  seen  that  sharp  changes  in 
precisely  in^cate  the  transition  times  and  and  therefore  =  V(0/) 

and  14"^^  =  1^(0*)  too.  It  is  apparent  in  Fig.  3  that  is  not  equal  to  , 

that  is,  there  is  no  unique  critical  velocity  for  the  transition.  The  Reynolds 
number  is  roughly  50  in  the  hysteretic  gap.  A  large  uncertainty  in  this  value 
comes  from  the  poorly  determined  two-dimensional  soap  film  viscosity  ly,  which 
depends  on  the  film  thickness. 

It  is  worth  pointing  out  that  if  we  keep  the  mean  flow  rate  constant  in  the  in¬ 
terval  then  the  laminar  state  can  persist  for  an  indefinite  length  of 

time.  However  applying  sufficiently  large  acoustic  or  pulse-like  mechanical  per¬ 
turbations,  the  system  could  be  driven  into  the  VS  state.  The  system  remains 
in  this  state  even  if  the  perturbation  is  turned  off.  Applyi^  similar  pertur¬ 
bations,  VS— >LF  transition  was  never  observed  at  constant  V.  As  a  result  we 
can  conclude  that  the  observed  static  hysteresis  is  not  a  result  of  some  delay  in 
the  response  of  the  system  to  the  bifurcation.  Auxiliary  experiments  were  also 
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Figure  3:  Here  the  function  V(t}  is 
shown  together  with  the  map 

at  \dV /dt\=0.004:  m/s^.  The  gray  scale 
corresponds  to  the  probability  density 
of  The  solid  and  dashed  lines  are 
intended  to  guide  the  eye  for  the  tran¬ 
sitions  VS-^LF  and  LF-)-VS. 


Figure  4:  This  figure  shows  our  experi¬ 
mental  data  together  with  different  fits 
(see  text) .  The  circles  and  squares  rep¬ 
resent  two  different  experimental  run. 
Closed  and  opened  symbols  are  used  for 
data  taken  at  increasing  and  decreasing 
V  respectively. 


performed  to  exclude  wetting  properties  and  the  effect  of  the  air  boundary  near 
the  film  as  possible  sources  of  hysteresis. 

In  the  absence  of  any  available  theory,  we  consider  a  fifth  order  Landau 
equation[5]  dv(t)/dt  —  av  +  2bv^v  -  cv^v,  for  the  complex  velocity  v=v^  -1-  ivy. 
Here  all  variables  denoted  by  tilde  are  complex  and  Vi  =  Vi-  <  V-i  >t  {i=x  or  y). 
The  complex  velocity  can  also  be  written  as  v=ve^^,  where  v  is  the  amplitude. 
The  real  part  of  this  equation  describes  the  evolution  of  v.  Its  non-trivial  positive 
stationary  solution  describes  the  VS  state: 


vvs^  = 


—  (1  -f  \/l  -|-  arCr/b^, 


(1) 


where  the  subscript  r  is  used  to  designate  the  real  part  of  complex  numbers. 

Although  the  application  of  this  model  for  data  fitting  purposes  is  not  obvious 
(the  relationship  between  the  parameters  ar,br,Cr  and  the  control  parameter  of 
the  experiment  is  unknown),  typically  ar  is  considered  to  be  proportional  to 
{V  —  As  one  can  see  in  Fig.  4,  this  generic  model  of  the  hysteresis  is 

in  qualitative  agreement  with  our  observations.  However  none  of  our  3  best 
fits  are  very  satisfactory.  It  is  interesting  to  note  that  a  simple  three-parameter 
phenomenological  equation  Po{V  -  Vc)+2Piv  -  P^v^  =  0  provides  a  surprisingly 
good  fit  to  our  data  in  the  VS  state  (see  inset  of  Fig.  4.).  Using  least  square 
fitting  to  the  solution  of  this  equation  provides  the  following  result:  —  0.04  ± 


YU/39.06  —  0.0113,  where  the  velocities  are  in  units  of  m/s. 

Auxiliary  experiments  suggest  that  the  hysteresis  may  be  connected  with  the 
fact  that  the  film  may  become  very  thin  in  the  recirculating  region.  Recognizing 
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that  the  viscosity  of  a  soap  film  depends  on  its  thickness,  the  observed  hysteresis 
effect  can  be  qualitatively  understood;  the  Reynolds  number  can  now  take  dif¬ 
ferent  values  at  the  same  value  of  V,  when  the  parameter  is  lowered  than  when 
it  is  raised. 


3  Conclusions 

•  We  have  observed  unexpected  hysteresis  at  the  onset  of  the  Karman  vortex 
street  in  a  quasi  two-dimensional  soap  film. 

•  The  fifth  order  amplitude  equation  is  in  qualitative  agreement  with  our 
observations,  but  a  simple  phenomenological  equation  provides  a  better 
numerical  fit  to  the  experimental  data  in  the  vortex  shedding  regime. 

•  A  phenomenological  picture  is  suggested  to  explain  the  origin  of  the  hys¬ 
teresis. 
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Wakes  behind  bluff-bodies  are  well  known  [8,  3]  to  undergo  a  transition  to 
periodic  vortex  shedding  at  moderate  Reynolds  numbers.  These  finite-amplitude 
self-sustained  intrinsic  oscillations  are  shown  to  be  governed  by  an  internal  res¬ 
onance  principle  derived  from  the  local  properties  of  the  basic  flow. 

Frequency  selection  criteria  have  so  far  been  obtained  in  the  linear  approxi¬ 
mation:  first  for  one-dimensional  model  equations  [1]  and  then  for  the  complete 
Navier-Stokes  equations  [4].  Recently  nonlinear  selection  criteria  have  been  de¬ 
rived  in  the  framework  of  the  complex  Ginzburg-Landau  equation  [5,  6].  The 
present  investigation  demonstrates  that  the  steep  frequency  selection  principle  [6] 
also  applies  to  fully  nonlinear  vortex  streets  sustained  by  spatially  developing 
wake  flows. 

The  formulation  essentially  relies  on  the  assumption  of  slow  spatial  variations 
characterized  by  the  slow  streamwise  variable  X  =  ex,  where  e  1  is  a  small 
non-uniformity  parameter.  This  assumption  is  fulfilled  by  construction  in  the 
model  studies  [5,  6].  In  the  present  context  of  real  flows,  the  basic  wake  is  chosen 
such  as  to  strictly  enforce  this  condition  over  the  entire  domain. 

Two-dimensional  incompressible  flows  are  conveniently  studied  in  terms  of 
the  streamfunction  governed  by  the  vorticity  equation 


fd  d  d<L>  d  \  1 

\  dt  dy  dx  dx  dy  J  Re 


(1) 


where  x  and  y  denote  streamwise  and  cross-stream  coordinates  respectively. 
The  Reynolds  number  Re  is  based  on  the  characteristic  width  and  velocity  of 
the  wake  profile.  The  steady  basic  flow  is  subjected  to  viscous  spreading  which 
takes  place  on  a  scale  of  1/Re.  Hence  the  order  of  magnitude  of  the  weak 
streamwise  nonuniformity  is  then  effectively  defined  as  e  =  1/Re  <C  1,  which  is 
the  only  small  parameter  of  the  present  investigation. 

Under  this  quasiparallel  flow  assumption,  the  leading-order  basic  flow  approx¬ 
imation  is  then  readily  shown  to  obey  the  Prandtl  boundary  layer  equation 


d  (94>o  d  \  d^fQ  _  dP 

~  Ixd^J  ~  d'f  ’ 
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0  1  2  X 

Figure  1:  Streamwise  development  of  the  basic  flow.  (a)  Velocity  pro¬ 
files  Uoiy,  X)  at  different  streamwise  X  locations.  (6)  Basic  pressure  field  P(X). 


where  the  given  streamwise  pressure  gradient  dP/dX  is  the  integration  “con¬ 
stant”  arising  in  the  integration  of  the  leading-order  vorticity  equation.  The 
externally  applied  pressure  field  P{X)  effectively  allows  to  taylor  the  stream- 
wise  evolution  of  the  basic  wake  flow  profiles  Uo{y;X)  as  shown  in  figure  1. 

Small-amplitude  perturbations  are  governed  by  the  local  linear  dispersion 
relation  u  =  Q‘’'{k,X)  derived  from  the  Orr-Sommerfeld  equation  applied  to 
the  velocity  profiles  prevailing  at  each  streamwise  station  X .  The  dispersion 
yields  in  particular  the  local  absolute  frequency  a;o(^)  defined  as  the  frequency 
of  a  wave  packet  of  vanishing  group  velocity.  The  local  absolute  growth  rate 
(jJo^i{X)  =  Imci;o(X)  is  of  primary  importance  since  small  perturbations  grow  in 
place  in  absolutely  unstable  (AU)  regions  (characterized  by  u!o,i(X)  >  0)  whereas 
they  are  swept  away  in  convectively  unstable  (CU)  regions  (characterized  by 
wo,i(A')  <  0).  The  evolution  of  ujo(X)  for  the  basic  flow  of  figure  1,  sketched  in 
figure  2,  is  seen  to  reproduce  the  essential  features  of  experimental  wake  flows:  a 
central  region  of  absolute  instability  (X^“  <  X  <  X^“^)  and  convective  instability 
in  the  far  downstream  and  upstream  domains. 


Figure  2:  (a)  Locus  of  local  absolute  frequency  cJo(A^)  in  the  complex  plane. 
(b)  Local  absolute  growth  rates  wo,i(Ar)  as  a  function  of  streamwise  station. 
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In  this  situation,  the  resonance  principle  derived  in  [6]  predicts  a  globally 
synchronized  state  oscillating  at  the  real  absolute  frequency 

=  Wo  =0.190  (3) 

prevailing  at  the  upstream  boundary  of  the  AU  domain.  Direct  numerical  sim¬ 
ulations  of  the  Navier-Stokes  equation  (1)  with  Re  =  100  confirm  that  this 
wake  gives  rise  to  a  finite-amplitude  vortex  street  tuned  at  a  well  defined  global 
frequency 

Wg  =  0.186,  (4) 

in  excellent  agreement  with  the  predicted  value  wg"  derived  from  the  local  in¬ 
stability  characteristics  of  the  basic  flow. 


Figure  3:  Interpretation  of  self-sustained  vortex  street  (a)  as  a  steep  global 
mode  triggered  by  a  stationary  front  (6)  sending  out  nonlinear  travelling  wave 
trains  (c).  (a)  Streamwise  fundamental  velocity  component  of  global  vortex 

street  living  in  the  spatially  developing  wake.  (5)  Front  structure  obtained  by 
harmonic  forcing  of  parallel  wake  profile  prevailing  near  the  upstream  marginal 
absolutely  unstable  station,  (c)  Nonlinear  travelling  wave  obtained  in  a  temporal 
evolution  problem  of  given  wave  number  for  the  parallel  wake  prevailing  at  the 
corresponding  downstream  station. 
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The  periodic  vortex  street  (figure  3a)  may  be  interpreted  in  terms  of  a  steep 
global  mode  [6]  exhibiting  a  sharp  Dee-Langer  [2]  type  front  at  the  upstream 
station  of  marginal  absolute  instability.  The  front  acts  as  a  wavemaker  which 
sends  out  nonlinear  travelling  waves  in  the  downstream  direction,  the  global 
frequency  being  imposed  by  the  real  absolute  frequency  prevailing  at  the  front 
station.  This  front  is  located  at  the  transition  station  from  local  convective 
to  absolute  instability  which  is  the  only  stable  stationary  front  location  of  the 
entire  flow.  Following  the  procedure  of  [7]  developed  in  the  framework  of  a  com¬ 
plex  Ginzburg-Landau  equation,  the  front  configuration  may  be  approached  via 
a  spatial  harmonic  response  problem  of  parallel  CU  wakes.  When  X  <  A^'^,  the 
response  of  the  local  wake  profiles  to  forcing  of  frequency  lJq^  yields  the  spatial 
structure  of  a  stationary  front  in  the  limit  X  ->  (figure  3b).  The  nonlinear 
travelling  waves  prevailing  further  downstream  are  found  to  be  governed  by  the 
local  nonlinear  dispersion  relation  as  resulting  from  a  temporal  evolution  prob¬ 
lem  (figure  3c)  on  a  local  parallel  wake  profile.  An  asymptotic  WKBJ  matching 
scheme  shows  that  each  of  these  constitutive  elements  consistently  assemble  to 
form  a  uniformly  valid  approximation  of  the  global  vortex  street. 

Thus,  a  globally  synchronized  nonlinear  vortex  shedding  structure  obeys  a 
local  resonance  principle  derived  from  the  linear  characteristics  of  the  underlying 
basic  flow.  This  frequency  selection  criterion  is  likely  to  hold  whenever  a  spatially 
developing  flow  exhibits  an  AU  region  embedded  within  a  CU  region,  as  in 
separated  flows. 
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1  Introduction 

The  effect  of  polymer  additives  on  the  formation  of  vorticity  filaments  [1],  [2]  in 
fully  turbulent  flow  has  been  a  subject  of  recent  investigations.  Bonn  et  al  [3] 
injected  a  polymer  solution  and  found  that  filament  formation  was  partially 
inhibited.  This  observation  was  found  to  be  valid  only  during  the  time  that  the 
semi-dilute  polymer  solution  was  being  mixed  into  the  turbulent  flow  [4].  Thus, 
the  effect  of  filament  inhibition  is  a  form  of  heterogeneous  drag  reduction  [5], 
where  the  injected  polymer  solution  behaves  like  a  coherent  viscoelastic  thread. 
The  aim  of  the  present  work  is  to  gain  insight  into  the  inhibition  mechanisms 
by  studying  the  effect  of  local  injection  of  a  polymer  solution  on  2D  and  3D 
hydrodynamic  instabilities  which  occur  in  water  flow  past  a  circular  cylinder.  In 
the  present  experiment,  the  polymer  solution  is  directly  injected  through  rows 
of  holes  pierced  in  the  cylinder  as  displayed  by  figures  1  and  3  (see  [6]  and  [7] 
for  details.) 

The  semi-dilute  polymer  solution  results  from  the  dilution  of  0.25  g  to  1  g 
of  polyethyleneoxide  (WSR  303  of  molecular  weight  7  x  10^ g/ mol)  in  1  liter  of 
water.  For  these  moderately  high  concentrations  (from  250  wppm  to  1000  wppm) 
the  solutions  exhibit  viscoelastic  properties:  shear  thinning  together  with  high 
elongational  viscosity.  The  relaxation  times  (see  [7]  for  rheological  data  of  these 
solutions)  associated  with  these  effects  increase  with  concentration  from  0.1s 
(at  100  wppm)  to  1  s  (at  1000  wppm.)  Thus,  the  "Weissenberg  number  of  the 
cylinder  experiment,  which  provides  a  ratio  of  elastic  forces  (due  to  the  presence 
of  polymers)  to  inertial  forces,  is  of  order  of  magnitude  1. 
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2  2D  and  3D  stabilizations 

In  figures  1(a)  and  1(b),  we  can  see  how  the  polymers  delay  the  development 
of  the  2D  instability  as  displayed  by  the  large  zone  of  slow  motion  behind  the 
cylinder.  Also,  the  instability  is  shifted  to  much  longer  wavelengths.  In  figure 
1(b),  the  shapes  of  the  vortices  in  the  street  are  flattened  and  the  braid  regions 
are  thickened. The  following  figures  are  velocity  fields  with  and  without  polymer 
solution  injection  (built  from  a  PIV  technique).  We  see  that  elasticity  modifies 
the  structure  of  the  vortex  street.  The  vortices  are  elliptical  and  a  large  sinuous 
flow  takes  place  between  them.  It  then  appears  that  the  shear  instability  is 
inhibited  during  the  roll-up  process.  The  scenario  of  inhibition  of  the  2D  shear 
instability  we  observe  with  polymers  is  very  similar  to  an  inhibition  scenario  due 
to  surface  tension  in  the  Kelvin-Helmholtz  instability. 


Figure  1:  Side  views  of  the  cylinder  wake  at  Re  =  150.  In  (a)  simple  colored 
water  is  injected.  In  (b)  the  viscoelastic  polymer  solution  is  injected  under 
exactly  the  same  experimental  conditions  as  the  previous  picture  (a) 

The  3D  instabilities  of  the  wake  produce  small  scale  streamwise  structures. 
We  find  that  polymer  injection  also  stabilizes  their  production  as  displayed  by 
figures  3(a)  and  3(b).  We  think  that  the  main  underlying  inhibition  mechanism 
is  related  to  the  modification  of  the  basic  2D  flow  (partial  roll-up  of  the  Karman 
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Figure  2:  Velocity  field  in  the  frame  of  the  vortex  centres  at  Re  =  150.  (a) 
represents  the  case  of  the  Newtonian  wake  (no  injection).  In  (b),  a  polymer 
solution  is  injected 


vortices.)  This  idea  is  supported  by  the  recent  numerical  simulations  of  Kumar 
and  Homsy  [8]  on  a  viscoelastic  mixing  layer. 


3  Implications  for  turbulent  flows 

In  turbulent  flows,  the  local  shear  stresses  can  have  a  broad  range  of  values,  the 
smallest  occurring  at  large  scales  and  the  largest  at  the  Kolmogorov  scale.  Since 
the  filaments  are  produced  by  the  large  scale  structures  of  the  turbulence,  similar 
stabilization  mechanisms  as  those  present  in  the  wake  would  occur  only  if  the 
injected  solution  has  a  relaxation  time  comparable  to  the  large  scale  turnover 
time.  This  is  exactly  the  case  in  the  experiments  cited  in  the  introduction. 
During  the  mixing  of  the  solution,  the  coherent  viscoelastic  thread  is  degraded 
and  finally  the  polymers  become  highly  diluted.  At  this  stage  the  relaxation 
time  is  considerably  decreased,  shifting  the  large  scale  Weissenberg  number  to 
very  small  values.  Hence,  at  the  beginning  of  the  mixing,  there  is  a  modification 
of  the  large  scale  properties  of  the  turbulence.  Other  consequences  (in  addition 
to  the  filament  inhibition),  such  as  a  power  dissipation  reduction  in  the  bulk, 
could  be  expected. 


34 


O.  Cadot  and  S.  Kumar 


Figure  3;  Top  views  of  the  cylinder  wake  at  Re  =  250.  In  (a)  simple  colored  water 
is  injected.  In  (b)  the  viscoelastic  polymer  solution  is  injected  under  exactly  the 
same  experimental  conditions  as  the  previous  picture  (a) 
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Introduction 

Global  three-dimensional  linear  instability  analysis  of  a  laminar  two-dimensional 
steady-state  flow  reveals  that  what  is  commonly  known  as  ’residuals’  in  direct 
numerical  simulations  (DNS)  which  aim  at  recovery  of  steady-state  fluid-flow 
solutions  is  associated  with  a  small  number  of  the  least-stable  two-dimensional 
linear  global  flow  eigenmodes.  The  eigenmodes  are  obtained  by  solving  the 
partial-derivative  eigenvalue  problem  which  governs  three-dimensional  nonpar¬ 
allel  (global)  linear  instability  of  the  two-dimensional  steady-state.  Both  the 
frequency  and  the  damping  rates  of  the  global  eigenmodes  have  been  identified 
and  are  in  excellent  agreement  with  the  DNS  results  as  the  latter  approaches 
convergence  to  a  steady-state;  it  is  the  least  damped  of  these  modes  which  deter-' 
mines  the  ultimate  behaviour  of  the  flow  near  convergence.  On  the  other  hand, 
the  inability  to  obtain  a  steady-state  solution  using  DNS  may  be  explained  within 
the  framework  of  the  present  non-parallel  global  linear  instability  theory  as  a 
deterministic  consequence  of  the  diminishing  damping  rates  of  the  linear  global 
eigenmodes  as  the  flow  Reynolds  number  increases.  A  worked  example  of  the 
well-known  lid-driven  cavity  flow  is  presented. 


The  partial  derivative  eigenvalue  problem 

Motivation  for  the  present  analysis  is  offered  by  our  desire  to  embed  a  number  of 
observations  regarding  the  transient  behaviour  of  DNS  solutions  for  the  recovery 
of  laminar  two-dimensional  steady-states  within  a  unified  theoretical  framework. 
In  particular  we  are  interested  in  the  physical  mechanism  which  underlies  expo¬ 
nential  monotonic  or  oscillatory  decay  of  residuals  near  convergence  to  a  steady 
state.  The  diminishing  of  the  rate  of  decay  of  residuals  as  the  R,eynolds  number 
increases  and  the  ultimate  inability  to  obtain  converged  steady-state  solutions 
of  the  equations  of  motion  is  another  intriguing  universal  behaviour,  the  origin 
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of  which  is  not  understood  presently  in  a  satisfactory  manner.  These  questions 
have  been  posed  and  answered  within  the  unifying  framework  of  linear  global  in¬ 
stability  of  the  two-dimensional  laminar  steady-state  solution;  two  distinct  paths 
have  been  followed.  Firstly,  at  conditions  favouring  the  existence  of  laminar  two- 
dimensional  steady-states  q,  these  have  been  recovered  by  marching  the  equa¬ 
tions  of  motion  in  time  until  convergence.  The  DNS  signal  is  processed  in  order 
for  information  on  the  damping  rate  of  residuals  to  be  obtained;  discrete  Fourier 
transforms  (DFT)  have  delivered  the  frequencies  at  play.  Secondly,  steady-state 
solutions  obtained  have  been  analysed  using  non-parallel  global  linear  instability 
theory  in  which  q  forms  the  two-dimensional  variable  coefficients  in  the  complex 
nonsymmetric  generalised  eigenvalue  problem  [1].  Near  convergence  every  flow 
quantity  q  is  decomposed  into 

q(.r,  y,  z,  t)  =  q(.T,  7/)  +  e  ij)  e'  +  c.c.  (1) 

The  decomposition  is  substituted  into  the  incompressible  equations  of  motion, 
the  0(1)  terms  are  subtracted  out  as  an  exact  solution  of  these  equations  and 
the  resulting  system  is  linearised,  taking  £  <  1.  Here  q  =  (w,u,0,p)^  is  the 
two-dimensional  steady-state  and  q  =  {u,v,iu,p)'^  are  three-dimensional  linear 
perturbations  superimposed  upon  q.  Complex  conjugation  is  introduced  in  (1) 
since  q  and  q  are  real  while  all  three  of  q, /5  and  uj  may  be  complex.  In  the 
framework  of  a  temporal  linear  nonparallel  instability  analysis  used  presently 
we  write  the  linearised  system  in  the  form  of  an  eigenvalue  problem  for  the  com¬ 
plex  quantity  lj,  while  (3  is  taken  to  be  a  real  wavenumber  parameter  describing 
an  eigenmode  in  the  third  spatial  direction  z.  The  frequency  of  the  instabil¬ 
ity  mode  is  associated  with  cu,-  =  9?{(iu}  while  the  imaginary  part  of  u  is  the 
growth/damping  rate  of  the  global  disturbance;  a  positive  value  of  u)\  = 
indicates  exponential  growth  of  the  global  instability  mode  q  =  qe'  in 

time  t  while  cui  <  0  denotes  decay  of  q  in  time.  It  should  be  clearly  stressed  that 
although  a  two-dimensional  q  is  sought,  physical  space  is  three-dimensional  and 
is  treated  as  such  within  the  framework  of  the  global  linear  instability  analy¬ 
sis.  Linear  disturbances  having  wavenumbers  [3^0  correspond  to  a  periodicity 
length  L~  =  2'k/^  in  the  z-direction  while  only  two-dimensional  {(3  =  0)  global 
linear  disturbances  enter  the  dynamics  of  a  two-dimensional  DNS.  The  key  idea 
in  this  paper  is  that  the  existence  of  a  laminar  two-dimensional  steady-state 
q  is  synonymous  with  stability  of  all  ^  ^  ^  global  flow  eigenmodes  if  a  two- 
dimensional  DNS  is  used^  for  the  recovery  of  q. 


Results 

Non-parallel  flow  in  the  square  lid-driven  cavity  serves  as  a  demonstrator  of 
the  relationship  between  residuals  in  the  two-dimensional  DNS  and  global  linear 
eigenmodes  of  the  converged  steady-state  solution  q.  The  least  stable  part  of 

^and  of  all  jd  5!^  0  global  flow  eigenmodes  q  if  a  3D  DNS  is  used 
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the  two-dimensional  (/3  =  0)  global  eigenspectrum  of  the  respective  converged 
steady  states  has  been  calculated  at  Re  G  [0,10^].  Residuals  in  the  DNS  were 
defined  either  globally  (using  some  integral  measure)  or  locally  as  the  differ¬ 
ence  between  the  transient  and  the  converged  solution  of  any  flow  variable,  e.g. 

=  ip{xo,yo^t)  —  'ip{xo,yo)  with  ip  denoting  the  streamfunction  and  {xo,yo) 
an  arbitrary  location  in  the  flow  field.  The  rate  of  decay  of  the  residuals  in  the 
DNS  was  compared  with  the  damping  rates  of  one  of  the  least  stable  global  flow 
eigenmodes.  Excellent  agreement  was  obtained  at  low  Reynolds  numbers,  as 
shown  in  Fig.  1  at  Re  =  500  and  1000. 


Figure  1:  Local  behaviour  of  residuals  (left)  and  their  time-derivative  (right) 
as  delivered  by  the  DNS  at  Re  =  500  (upper)  and  Re  =  1000  (lower).  Sym¬ 
bols  denote  the  damping-rates  of  the  least-damped  two-dimensional  global  flow 
eigenmodes  at  the  respective  Reynolds  numbers. 


Further,  the  frequencies  of  the  global  eigenmodes  in  question  were  compared 
with  the  frequencies  /  delivered  by  power  spectral  analysis  of  the  DNS  signal; 
again  an  one-to-one  correspondence  between  the  results  of  the  two  independent 
approaches  was  established,  as  may  be  seen  in  Fig.  2  where  flow  at  Re  =  2500  is 
monitored;  analogous  results  were  obtained  at  all  Reynolds  numbers  examined. 
The  progressive  destabilisation  of  the  flow  as  Re  increases  is  shown  in  terms  of 
diminishing  damping  rates  cji  at  Re  =  2500, 5000  and  7500  in  Fig.  3. 

The  conclusion  which  may  be  drawn  from  the  global  linear  instability  theory 
results  at  low  Reynolds  numbers  is  that  the  different  forms  in  which  residuals 
manifest  themselves  in  the  DNS  are  associated  with  either  stationary  or  travel¬ 
ling  two-dimensional  (/?  =  0  in  (1))  linear  global  instabilities  superimposed  upon 
the  converged  steady  state.  The  increasingly  long  integration  times  necessary 
in  order  for  a  converged  steady  state  to  be  obtained  as  the  Reynolds  number- 
increases  may  now  be  explained  by  reference  to  the  diminishing  damping  rates  of 
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Figure  2:  Left:  Time-history  of  the  residual  obtained  in  the  DNS  at  Re  =  2500; 
right:  power  spectral  analysis  of  the  DNS  signal  and  arbitrarily  placed  on  the 
vertical  axis,  denoted  by  symbols,  global  eigenmode  frequencies 


Figure  3:  Eigenvalues  (wr,^i)  in  the  least-stable  part  of  the  global  spectrum  at 
Re  =  2500  (diamond),  Re  =  5000  (square)  and  Re  =  7500  (triangle). 


the  least  stable  (P  =  0)  global  flow  eigenmodes;  ultimately,  the  latter  approach 
a  state  of  neutral  stability  and  interact  nonlinearly  to  the  effect  that  no  steady- 
state  solution  may  be  obtained.  Additional  details  of  this  work-in-progress  may 
be  found  in  [2]. 

This  material  is  based  upon  work  supported  by  the  European  Office  of  Aerospace 
Research  and  Development,  Air  Force  Office  of  Scientific  Research,  Air  Force  Research 
Laboratory,  under  Contracts  No.  F61775-99-WE049  and  F61775-99-WE090. 
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1  Introduction 

This  work  reports  experimental  observations  made  on  the  MSL-1  (First  Micro¬ 
gravity  Science  Laboratory)  mission  of  the  Space  Shuttle  (STS-83  and  STS-94) 
regarding  flow  transition  in  spheroidal  palladium-silicon  droplets  and  compares 
them  to  a  theoretical  prediction  of  transition  in  electromagnetically  levitated 
droplets  using  conventional  boundary-layer  type  approximations.  The  droplet 
represents  a  new  geometry  in  which  transition  has  not  previously  been  described, 
and  it  is  one  for  which  there  are  important  applications  in  materials  science. 

In  an  EML  system,  the  induced  electric  current  in  the  material  heats  up  the 
sample.  The  electromagnetic  body  force,  known  as  the  Lorentz  force,  is  often 
used  for  levitation.  Under  microgravity  conditions,  the  net  electromagnetic  body 
force  on  the  sample  is  small  compared  to  the  overall  force  and  used  primarily  for 
positioning  and  maintaining  the  sample  at  a  prescribed  location.  By  contrast, 
the  heating  coil(s)  induce  a  Lorentz  force  that  is  much  stronger  than  the  posi¬ 
tioning  force,  symmetric  with  respect  to  the  equatorial  plane  and  give  rise  to  a 
dominant  fluid  motion  inside  the  molten  droplet.  The  axisymmetric  body  force 
in  the  experiments  produces  two  toroidal  flow  enclosures  immediately  above  and 
below  the  equatorial  plane  inside  the  droplet. 
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2  Experiments 

The  droplets  of  interest  in  this  study  were  Pd82-Sil8  spheroids  approximately 
7  mm  in  diameter,  levitated  in  TEMPUS,  a  two-frequency  microgravity  elec¬ 
tromagnetic  levitator.  The  experiments  were  performed  on  the  MSL-1  (First 
Microgravity  Science  Laboratory)  mission  of  the  Space  Shuttle  (STS-83  and 
STS-94).  The  temperature  of  the  sample  was  measured  by  optical  pyrometry. 
A  viscosity-temperature  relation  used  in  the  analysis  of  these  experiments  is  ob¬ 
tained  experimentally  under  microgravity  conditions  using  the  oscillating  drop 
technique  and  provided  elsewhere  [1].  The  temperature  dependence  in  the  other 
properties  was  neglected,  as  the  correction  would  be  insignificant  relative  to  the 
uncertainty  of  approximately  20%  in  these  viscosity  data.  The  distribution  of 
the  electromagnetic  forces  on  the  sample  was  calculated  by  the  method  of  mutual 
inductances?, 9.  The  magnetic  fields  of  both  the  positioning  coils  and  the  heating 
coils  were  held  constant  from  the  initial  heating  of  the  solid  sample,  through  the 
melt  plateau,  until  the  maximum  operating  temperature  was  reached. 

Equilibrium  laminar  flow  patterns  are  established  once  the  samples  are  fully 
molten.  The  flow  pattern  can  be  deduced  from  the  accumulation  of  solid  particles 
on  the  surface  of  the  drop  in  the  equatorial  stagnation  point.  However,  as  the 
sample  is  heated  under  constant  magnetic  conditions,  this  stable  equilibrium  is 
disrirpted,  and  the  particles  show  the  flow’s  progression  to  a  turbulent  state.  The 
evolution  of  the  flow  pattern  is  detailed  in  Figure  1,  which  shows  a  side  view  of 
the  droplet.  The  top  and  bottom  of  the  drop  are  not  visible  because  they  are 
obscured  by  the  levitation  coils.  Throughout  this  sequence,  the  forces  on  the 
sample  are  constant;  only  the  temperature  of  the  sample  is  changing.  Figure 
3a  shows  the  particles  on  the  surface  of  the  sample  in  the  stagnation  point  of 
the  equilibrium  laminar  flow.  This  frame  was  taken  when  the  sample  was  at 
a  temperature  of  1211  K,  which  corresponds  to  a  viscosity  of  22  mPa-s.  1.7 
seconds  later,  however,  the  temperature  is  1250  K  (viscosity  of  19  inPa-s),  and 
the  stagnation  point  is  no  longer  static,  but  oscillating  about  the  equatoi .  Upon 
further  heating,  the  amplitude  of  these  oscillations  increases.  Finally,  by  the 
time  of  Figure  3c,  at  1312  K  (viscosity  of  15  mPa-s),  the  flow  is  fully  turbulent. 


3  Analysis 

The  flow  structure  inside  each  of  the  two  axisymmetric  toroidal  enclosures  is 
explained  in  terms  of  two-dimensional  active  and  passive  flow  loops.  Active 
loops  are  formed  by  the  circulating  fluid  that  crosses  the  magnetized  legion 
inside  the  droplet.  They  form  an  enclosed  band  of  thickness  of  order  of  the  skin 
depth  of  the  Lorentz  force  in  the  droplet.  By  contrast,  there  is  no  magnetic  field 
in  the  region  enclosed  by  a  passive  loop.  Passive  loops  are  set  into  motion  via 
viscous  interactions  with  the  active  loops.  The  onset  of  turbulence  is  obtained  by 
considering  the  shear  interactions  between  passive  and  active  loops  and  making 
an  analogy  with  other  flows. 
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Figure  1:  Video  images  of  the  tracer  patterns  on  the  Pd82-Sil8  sample,  (a) 
equilibrium  laminar  flow  at  T  =  1211  K{fi  =  22mPa  -  s),  (b)  oscillatory  flow 
at  T  =  1250iF(/x  =  19mPa  -  s),  and  (c)  turbulent  flow  at  T  —  1312iF(/r  = 
ISmPa  —  s). 


In  the  presentation,  it  is  shown  that  the  flow  in  the  droplet  can  be  charac¬ 
terized  by  a  dimensionless  magnetic  force  which  can  be  described  as  a  magnetic 
Rayliegh  number  and  defined  as 


FoR^ 

pv^ 


(1) 


where  Fq  is  the  characteristic  Lorentz  force  (force/vol.)  in  the  drop,  p  and  v 
the  fluid  density  and  kinematic  viscosity  and  R  the  drop  radius.  Conservation 
of  angular  momentum  is  applied  to  the  active  loops  and  the  shear  interactions 
between  active  and  passive  loops  estimated  from  classical  boundary  layer  theory. 
In  the  limit  of  small  magnetic  Prandtl  number  flows  and  when  S/R<^  1,  with 
being  the  thickness  of  the  skin  depth,  the  onset  of  turbulence  in  the  droplet  is 
expressed  in  terms  of  P+,  the  critical  value  for  P+. 


F+  ~  2.0  X  10^  (I  j  ,  (2) 

A  comparison  between  the  experimentally-observed  transition  and  this  semi- 
empirical  correlation  is  presented  in  the  table  below.  Electomagnetic  force  cal¬ 
culations  inside  the  drop  are  carried  out  according  to  Schwartz  [3].  The  good 
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agreement  between  the  theoretical  approach  and  the  experimental  data  provides 
the  first  piece  of  evidence  that  transition  in  this  system  is  shear  layer  type.  A 
corresponding  particle  tracking  analysis  of  the  observed  instability  of  the  drop 
along  with  comparisons  with  a  recent  analysis  on  transitional  behavior  of  two 
corotating  tori  [4]  are  included  in  the  discussion  of  the  experimental  data. 


p  =  13.4  -  18.4mPa  -  s  [1] 
p  =11,650 -n,670kg/m^  [2]  " 
i?  =  3.610  -  3.612mm 
(5  =  0.594 -  1.88mm 
Fo  =  5.5a;W  -  1.14a:10^iV/m^ 

=  9.3^10^ -3.5x10^ 

fLI  =  3-8^10^  - 

Table  1:  A  comparison  between  theory  and  experimental  observations. 
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1  Introduction 

The  equilibrium  states  of  electrically  conducting  fluids  or  plasmas  have  been  a 
subject  of  intense  study  for  a  long  time,  motivated  in  particular  by  the  interest 
in  controlled  thermonuclear  fusion,  as  well  as  that  in  space  and  astrophysical 
phenomena  such  as  plasma  loops  in  the  solar  corona.  If  high  temperatures 
prohibit  solid  walls,  a  conducting  fluid  can  be  held  together  by  the  action  of  an 
electric  current  passing  through  it  with  the  pressure  gradients  being  balanced 
by  the  Lorentz  force.  The  resultant  configuration  is  known  as  a  pinch.  In  this 
paper  we  report  on  studies  of  the  pinch  in  the  geometry  of  a  plane  sheet. 


2  Equations  and  Static  Equilibrium 

We  use  the  nonrelativistic,  incompressible  magnetohydrodynamic  (MHD)  equa¬ 
tions, 

p  +  (v  •  V)v^  =  ~  Vp -f  J  X  B,  V  •  V  =  0,  (1) 

dB 

—  = -V  X  (ppoJ- V  X  B),  7/(x)  =  7/op(x),  V-B  =  0,  (2) 

where  v  is  the  fluid  velocity,  B  the  magnetic  induction,  po  the  magnetic  per¬ 
meability  in  a  vacuum,  J  =  V  x  B/po  the  electric  current  density,  p  the  mass 
density,  p  the  thermal  pressure,  v  the  kinematic  viscosity,  and  p  the  magnetic 
diffusivity,  which  is  connected  with  the  electrical  conductivity  cr  by  the  relation 
T}  =  l/po(7.  While  p  and  ly  are  assumed  to  be  uniform,  rj  is  allowed  to  vary 
spatially:  po  is  a  dimensional  constant  and  p(x)  a  dimensionless  function  of 
position. 
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Figure  1:  Geometry  of  the  magnetohydrodynamic  sheet  pinch.  Arrows  in  the 
shaded  plane  indicate  the  direction  of  the  equilibrium  magnetic  field. 


Using  Cartesian  coordinates  xi,  rc2,  2:3,  we  consider  our  magnetofluid  in  the 
slab  0  <  xi  <  1,  see  Fig.  1.  In  the  X2  and  X3  directions  periodic  boundary 
conditions  with  periods  L2  and  L3,  respectively,  are  used.  The  boundary  planes 
are  assumed  to  be  impenetrable  and  stress-free,  and  the  system  is  driven  by  an 
electric  field  in  the  2:3  direction  prescribed  on  the  boundary.  We  further  assume 
that  there  is  no  magnetic  flux  through  the  boundary. 

For  the  case  of  a  uniform  it  is  found  that  the  quiescent  basic  state,  in 
which  the  current  density  is  uniform  and  the  magnetic  field  profile  across  the 
sheet  linear,  remains  stable,  no  matter  how  strong  the  driving  electric  field  [4]. 
By  contrast,  in  the  voltage-driven  cylindrical  pinch  the  basic  state  is  known  to 
become  unstable.  The  situation  is  reminiscent  of  the  difference  between  plane 
and  rotating  hydrodynamic  Couette  flow  (only  for  the  latter  one  the  laminar 
ground  state  becomes  unstable). 

The  quiescent  basic  state  of  the  sheet  pinch  can  become  unstable,  however, 
if  7]  varies  across  the  sheet,  due,  for  instance,  to  temperature  differences  between 
the  sheet  center  and  the  walls.  This  results  in  profiles  of  the  equilibrium  mag¬ 
netic  field  deviating  from  linear  behavior.  We  have  studied  in  detail  the  Haiiis 
equilibrium 


fj  =  cosh'^[(.rj  -  0.5) /a]. 


B  =  B"  = 


/  tanh[(.7;i  ~0.5)/a] 
\  ’  tanh(l/2a) 


(3) 


Here  a  is  an  effective  current  sheet  half  width,  and  all  quantities  have  been 
made  appropriately  nondimensional  with,  for  instance,  the  distance  between  the 
boundary  planes  as  the  unit  of  length  [3] .  The  main  system  parameters  are  the 
two  Reynolds-like  numbers  M  =  nyiL///  and  S  =  vaL/i]o^  where  va  =  Bq/ 
is  the  Alfven  velocity  ^ociated  with  the  magnetic  field  strength  Bq  on  the 
boundary  planes  when  =  0  (symmetric  profile). 
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3  Instability  and  Bifurcation 

A  Squire’s  theorem  could  be  proven  [2]  stating  that,  as  M  or  S  are  raised, 
the  basic  state  becomes  first  unstable  to  two-dimensional  (2D)  perturbations, 
with  velocity  and  magnetic  field  vectors  lying  completely  in  the  Xi-X2  plane  and 
having  no  xs  dependence.  Furthermore,  the  instability  is  nonoscillatory  and  the 
stability  boundary  depends  only  on  the  Hartmann  number  Ha  =  y/M  S  (and  not 
on  M  and  S  separately).  It  is  found  that  instability  is  only  possible  for  a  <0.4 
[3].  The  most  unstable  eigenmode  is  the  2D  tearing  mode,  which  is  characterized 
by  a  magnetic  island  structure  with  a  chain  of  X  and  O  points,  fiuid  motion  in 
the  form  of  convection-like  rolls,  and  a  filamentation  of  the  original  current  sheet 
(Fig.  2).  Restricting  the  whole  problem  to  two  spatial  dimensions,  this  mode 
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Figure  2:  Magnetic  field  lines  and  velocity  stream  lines  of  an  unstable  mode  for 
a  =  0.15,  B^  =  0,  1/2  =  3,  and  i7a  =  100.  Solid  (dashed)  velocity  stream  lines  cor¬ 
respond  to  clockwise  (counterclockwise)  motion.  A  mixture  of  20%  perturbation 
b  and  80%  equilibrium  field  was  taken  for  the  magnetic  field.  The  lower  left 
panel  shows  the  undisturbed  cross-sheet  equilibrium  profile  B^ixi). 

was  followed  up  to  a  time-asymptotic  steady  state  (Fig.  3,  left  panel).  This 
state  proves  to  be  sensitive  to  three-dimensional  (3D)  perturbations  even  close 
to  the  point  where  the  primary  instability  sets  in  [1].  The  instability  with  respect 
to  3D  perturbations  is  suppressed  by  a  sufficiently  strong  magnetic  field  in  the 
invariant  direction  of  the  equilibrium.  For  a  special  choice  of  the  parameters, 
the  unstably  perturbed  state  was  followed  up  in  its  nonlinear  evolution  and  was 
found  to  approach  a  3D  steady  state  (Fig.  3,  right  panel).  Although  velocity 
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Figure  3:  Isosurfaces  |v|=0.03  and  |v|  =  0.016  for  the  time-as,ymptotic  2D  state 
(left)  and  the  time-asymptotic  3D  state  (right).  The  values  of  the  parameters 
are  L2  =  L3  =  4,  ^  ^  =  0,  and  Ha  =  67.0.  The  maximum  and  minimum 

values  of  |v|  are  0.0384  and  0.0017,  respectively,  in  the  2D  case  and  0.0311  and 
0.0,  respectively,  in  the  3D  case. 


and  magnetic  field  have  now  components  in  the  invariant  direction  of  the  2D 
state  and  are  modulated  in  this  direction,  there  is  still  some  resemblance  to  the 
2D  tearing-mode  state.  This  suggest  that  the  unstable  3D  perturbations  to  the 
2D  state  do  not  drive  the  system  to  a  completely  different  solution,  but  that  2D 
and  3D  solutions  originate  simultaneously  in  the  primary  bifurcation  of  the  basic 
state.  Since  our  calculations  were  made  very  close  to  the  primary  bifurcation 
point,  we  suppose  that  a  supercritical  bifurcation  leads  directly  from  the  basic 
state  to  a  3D  attractor. 
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1  Introduction 

A  small,  nearly  neutral  two-dimensional  disturbance  superimposed  on  a  mixing 
layer  initially  grows  linearly.  However,  eventually  its  amplitude  will  become 
large  enough  that  nonlinear  effects  become  important,  first  entering  inside  the 
critical  layer,  and  the  theory  of  nonlinear  critical  layers  has  been  developed 
to  deal  with  this.  Typically,  one  poses  both  an  outer  expansion  in  the  main 
body  of  the  fluid  and  an  inner  expansion  near  the  critical  layer,  and  matching 
these  together  leads  to  an  amplitude  equation.  Using  nonlinear  critical  layers 
for  unsteady  two-dimensional  shear  layers,  Goldstein  &  Leib  [3]  were  the  first  to 
derive  an  evolution  equation  of  the  form  that  is  now  widely  accepted  as  correct. 
They  considered  an  incompressible  shear  layer,  and  found  that  if  a  disturbance 
was  O  (e),  then  the  evolution  remains  linear  provided  <  n,  where  /j,  is  the 
order  of  the  departure  of  the  phase  velocity  c  of  the  disturbance  from  its  neutral 
value  and  thus  the  lengthscale  upon  which  the  disturbance  develops.  Goldstein 
k  Leib  found  that  the  evolution  first  became  nonlinear  when  /z  ~  with  the 
amplitude  governed  by  a  set  of  nonlinear  equations. 

While  Goldstein  also  considered  compressible  flows  [4],  he  considered  only  the 
three-dimensional  case,  arguing  that  for  high  enough  Mach  numbers,  oblique 
modes  can  grow  faster  than  plane  modes,  although  later  [5],  he  did  examine 
two-dimensional  hypersonic  flow,  a  very  different  limit  from  that  studied  here. 
However  while  oblique  disturbances  can  be  more  important  than  plane  distur¬ 
bances,  this  does  not  mean  that  the  latter  are  unimportant. 

For  low  Mach  numbers,  plane  disturbances  are  still  the  most  linearly  unsta¬ 
ble.  Sandham  k  Reynolds  [8]  suggested  that  the  Mach  number  range  should 
be  split  into  three  regimes  with  different  instability  and  physical  characteristics. 
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For  low  values,  0  <  M  <  0.6,  plane  disturbances  were  linearly  the  most  unsta¬ 
ble,  For  higher,  but  still  subsonic,  values,  0.6  <  M  <  1,  the  flow  was  increasing 
three-dimensional  with,  however,  the  plane  waves  still  having  an  efiFect.  Finally, 
for  supersonic  modes,  M  >  1,  the  oblique  modes  were  linearly  the  most  unsta¬ 
ble.  Sandham  k  Reynolds  [8]  tested  this  by  running  simulations  and  found  results 
consistent  with  their  hypothesis.  Three-dimensionality  appears  important  in  the 
second  regime,  0.6  <  M  <  1,  since  two-dimensional  simulations  in  this  range  [6] 
tended  to  develop  weak  shock  waves  absent  in  the  three-dimensional  simulations. 
However,  for  lower  Mach  numbers,  0  <  M  <  0.6,  the  two-dimensional  problem 
remains  important,  and  the  present  study  is  relevant  to  that  parameter  range. 

A  related  reason  for  studying  the  two  dimensional  problem  is  that  there 
have  been  several  numerical  simulations  of  this  problem  and  theoretical  work  is 
needed  to  accompany  these,  as  well  as  related  simulations  in  plasma  physics  [7] . 

In  this  study,  we  look  at  a  plane  disturbance  to  a  compressible  shear  layer, 
considering  the  range  0  <  M  <0.6,  the  regime  in  which  plane  disturbances  are 
important.  As  a  starting  point  for  our  analysis,  we  will  use  the  linear  solution 
of  Blumen  [1],  which  is  valid  for  M  <  1.  We  will  consider  flows  in  the  presence 
of  a  transverse  magnetic  field,  and  separately  with  a  coplanar  field.  Both  linear 
stability  and  simulations  of  compressible  shear  layers  have  shown  that,  to  first 
order,  the  linear  results  are  described  by  a  single  parameter,  the  convective 
Mach  number,  and  our  results  will  show  that  this  holds  true  for  the  nonlinear 
problem  in  the  absence  of  viscosity  also.  Indeed,  we  will  find  that  the  flow  with 
a  transverse  magnetic  field  collapses  onto  the  problem  of  a  fiow  in  the  absence 
of  a  magnetic  field  with  a  modified  Mach  number. 


2  Formulation  and  Outer  Expansion 

We  consider  plane  waves  of  magnitude  O  (s)  <C  1  of  the  form  su¬ 

perimposed  on  a  compressible  tanhy  mixing  layer.  Following  [7],  for  an  ideal 
magnetohydrodynamic  gas,  the  governing  equations  of  a  two-dimensional  invis- 
cid  compressible  gas  with  a  transverse  magnetic  field  can  be  written 

=  -V[p-BV(2po)]  (1) 

where  u  =  {u,v,0)  is  the  velocity,  p  the  density,  p  the  pressure,  B  =  (0,0,  .B) 
the  magnetic  field,  and  F  the  ratio  of  specific  heats.  We  consider  the  base  fiow 
(rio,0,0),  with  UQ^y)  =  1  -H  tanhy,  while  the  base  pressure  po,  density  po  and 
magnetic  field  Bq  are  assumed  constant.  Our  outer  expansion  will  be  of  the  form 

u  =  uo{y) £  [{A{X)uiQ{y) p.un{y,X) -\ - )  +  c.c]  +  O  (e^)  ,  {2) 

where  we  have  introduced  the  small  parameter  p  <C  1  and  phase  ^  =  a{x  -  ct). 
The  wave  number  a  =  ao  is  neutral  while  the  phase  velocity  is  perturbed  slightly 
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from  neutral,  c  =  cq—juci  ,  giving  rise  to  the  long  length-scale  X  =  fix.  At  leading 
order,  we  find  that  the  modified  Mach  number 

M  =  ^po/xo/{Bo'+r,zoPo)  =  M  [1  +  (po/^o)]  ,  (3) 

lets  us  use  Blumen  [1],  and  we  have  a  neutral  mode  with  c  =  1,  ao  =  \/l  -  M'^, 
2 

and  uio  =  sech^oy.  Numerical  simulations  [8]  would  suggest  that  this  is  the  mode 
of  interest  here,  while  two  others  [2]  become  important  at  higher  M.  The  relation 
between  qq  and  M  above  restricts  our  analysis  to  subsonic  modes,  0  <  M  <  1, 
and  physical  considerations  would  seem  to  limit  us  still  further  to  0  <  M  <  0.6. 
At  the  next  order,  there  is  a  jump  across  the  critical  layer, 

[«„]"!  =  -2A'S(l/2,a^),  (4) 

where  B  is  the  beta  function.  In  the  early  stages,  we  know  that  the  jump  is 

=  2i7raQ'^A  -  27raQ^ciA,  (5) 


so  early  on,  the  amplitude  A{X)  obeys  A'  =  aX,  and  we  have  an  initial  condition 
A  — )•  aoe^^  as  X  ->  —  oo,  where  a  is  the  growth  rate. 


a  =  TTOfoCi  [alB  (l/2,ao)  -  in]  / 


{■K^  +  alB 


(6) 


3  Inner  Expansion 

As  in  [3],  near  the  critical  layer,  we  use  the  rescaled  variable,  Y  =  and  set 
e  =  fi^,  the  balance  for  which  the  amplitude  equation  first  becomes  nonlinear. 
The  outer  solution  suggests  that  the  inner  expansion  will  take  the  form 

n  =  l-\-fiY-fi^Yy3^2fi^Yyib  +  ---\-fi^U3{y,X,OY>--.  (7) 

Substituting  this  into  the  governing  equations  (1),  we  arrive  at  a  single  PDE 
for  the  streamwise  velocity  component  C/3,  and  defining  Y  =  T  -f  ci  and  Q  — 
UsY  +  this  can  be  written 

[a^:  +  {Ae‘^  +  dy  +  aoYd^  Q  =  2  -  CiAj  e'^  +  c.c.,  (8) 

together  with  the  boundary  condition  that  Q->0asT->±oo,  and  a  jump 
condition  across  the  critical  layer, 

r'ln  /‘OO 

(27r)-'  /  /  e-'^QdVdi  =  [«n]Sl  = -2.4’B  (1/2,0^)  .  (9) 

/  0  •/ — oo 

We  also  have  the  initial  condition  that  as  X  —  oo,  A  — >  aoe^^  and 


Q  -)■  2aQ  ^  (cr  +  iaoCi)  Ae*^/ -  icr/ao^  +  c.c.  . 


(10) 
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The  only  place  that  the  transverse  magnetic  field  enters  into  these  inviscid  equa¬ 
tions  is  through  the  Mach  number  M  (and  also  the  wave  number  oq  which 
depends  on  M).  These  equations  are  very  similar  to  those  found  for  the  incom¬ 
pressible  problem  [3],  essentially  differing  only  in  the  coefficients,  and  this  was 
to  have  been  expected. 

For  a  coplanar  field  B  =  (Bi,  3-2,0)  with  a  weak  base  field  {fj,^/'^Bo,0, 0),  we 
arrive  at  coupled  equations  involving  the  magnetic  potential  X) 

[dx  +  +  A*e-'^)  dy  +  ao  (5"  +  ci)  Sj]  Q 

-  2  (iOq^A'  -  cyA^  e*^  +  c.c.  +  [xYYYXi  -  Xyy(Xy]  /  (Qo-Por/io)  (H) 


and 

[ax  +  {Ae^^  +  dy  +  cto  (T  +  ci)  a^]  x  =  -BoAe^^  +  c.c.  (12) 
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1  Introduction 

In  many  turbulent  flows  of  industrial  and  environmental  relevance  large  eddy 
structures  are  the  major  carrier  of  momentum,  heat  and  concentration.  In  such 
flows  the  transport  processes  can  be  best  controlled  by  affecting  the  coherent 
eddy  structure.  This  can  be  done  by  imposing  an  external  force,  or  by  control 
of  boundary  topology  or  its  physical  conditions.  We  argue  that  for  flows  with  a 
dominant  eddy  structure,  the  application  of  time-dependent  BANS  (’TRANS’) 
can  be  a  powerful  tool  for  identifying  the  organized  motion  and  its  response  to  the 
imposed  external  force  or  specific  boundary  conditions.  In  order  to  demonstrate 
the  TRANS  approach,  we  investigate  several  cases  of  classical  and  magnetic 
Rayleigh-Benard  convection  in  which  large  scale  coherent  structure  has  been 
detected  both  by  DNS  and  by  experimental  studies. 

2  Results 

2.1  Classical  Rayleigh-Benard  convection  (RB) 

First,  the  classical  Rayleigh-Benard  convection  is  presented.  The  available  DNS 
simulation  results  of  Worner  [5]  have  been  used  as  reference  for  comparison, 
i?a=6.5xl0^,  Pr=0.71.  The  LES  approach  is  based  on  the  subgrid  model  where 
the  effect  of  thermal  stratification  is  taken  into  account  in  buoyancy-extended 
Smagorinsky-type  turbulent  viscosity /diffusivity  formulation,  Eidson  [1],  Wong 
and  Lilly  [4]: 

=  +  — (1) 

where  (75=0.21,  Prt=0A  and  |5|  =  yj2SijSij.  The  TRANS  approach  is  based 
on  the  triple-decomposition  where  the  large  scale  periodic-like  motion  is  fully 
resolved  in  time  and  space,  whereas  the  unresolved  stochastic  contribution  is 
modeled  by  using  algebraic  flux  expressions: 


_ df  ,^dUi  ^ 

UiUj  —  +  ^Ouj  7^  -f-  i]l3gi6- 


dxj 


dxj 


(2) 
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Figure  1:  (a.)  Assessment  of  fully  resolved  DNS,  underresolved  DNS,  LES  and  TRANS 
approach  in  reproduction  of  the  integral  heat  transfer  time  evolution  for  RB  convection 
at  i?a=6.5xl0'^;  (b.)  scaling  of  the  main  vertical  temperature  profile  (TRANS  and 
DNS); 


i>NS: 

Nk-2 


IJCS:  Kii-«.r>K+5 
Nk-2 


I'KANS: 

Nk=2 


Figure  2:  RB  convection  at  i?a=6.5xlO®;DNS-W6rner  [5],  LES-  Eidson  [1]  siibgrid 
model,  TRANS-LowRe  ASM/AFM  subscale  model,  Kenjeres  and  Hanjalic  [2];  captur¬ 
ing  of  large  coherent  structures  in  DNS,  LES  and  TRANS  realization; 


closed  with  the  low-Re  k-e-0'^  three-equation  model,  Kenjeres  and  Hanjalic  [2]. 
In  contrast  to  LES,  in  the  TRANS  approach  the  contribution  of  both  modes  (re¬ 
solved  and  modeled)  to  the  turbulence  fluctuations  are  of  the  same  order  of 
magnitude.  In  the  horizontal  wall  boundary  layers  the  TRANS  model  accounts 
almost  fully  for  the  turbulence  statistics,  with  a  marginal  contribution  of  re¬ 
solved  ones.  This  proved  to  be  the  key  of  success  for  accurate  near- wall  mean 
temperature  and  wall  heat  transfer  predictions  (verified  by  the  DNS),  whereas 
the  LES  yielded  serious  overprediction,  attributed  to  inadequate  wall  treatment 
by  subgrid  scale  model,  Fig.l.  Very  recently  Kimmel  and  Domaradzki  [3]  ap¬ 
plied  a  new  subgrid  scale  estimation  model  for  RB  convection,  but  again  their 
simulations  overpredicted  the  wall  heat  transfer.  A  direct  comparisons  of  cap¬ 
tured  eddy  structure  by  the  three  simulation  techniques  is  also  presented.  Two 
structure  identification  methods  have  been  used  for  this  purpose:  the  classical 
vorticity/helicity  approach  and  the  critical  point  theory  (the  kinematic  vorticity 
number,  the  second  invariant  of  the  velocity  gradient  tensor,  the  discriminant  of 
characteristic  equation).  Fig. 2  shows  the  contours  of  the  identical  value  of  the 
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structure  identification  parameter  obtained  from  single  DNS,  LES  and  TRANS 
realizations.  Both,  LES  and  TRANS  capture  only  the  large  structure  while  the 
smaller  ones  are  filtered  out.  The  filtering  process  is  defined  by  mesh  size  in  LES 
approach  and  by  specific  length  scale  emerging  from  the  subscale  model  in  the 
TRANS  approach. 

2.2  Magnetic  Rayleigh-Benard  convection  (MRB) 


Figure  3:  Influence  of  imposed  transversal  magnetic  field  {Bi\\gi)  of  different  strength 
{Ha=0,20, 100)  on  time  evolution  of  integral  Nu  number  and  the  mean  vertical  tem¬ 
perature 


The  second  case  considered  was  the  magnetic  RB  convection.  Two  situations 
have  been  analyzed:  when  the  gravitational  vector  and  imposed  magnetic  field 
are  aligned  {gi\\Bi)  and  when  they  are  orthogonal  {gi±Bi).  In  both  situations, 
the  different  intensities  of  imposed  magnetic  field,  defined  by  the  Hartmann 
number  (weak,  Ha=20  and  strong,  ifa=100)  have  been  applied.  Beside  the 
direct  effect  through  Lorentz  force  in  momentum  equations: 


=  a 


+  IJuBiBu.  -  tJi 


(3) 


the  additional  ’magnetic’  source  terms  representing  the  effects  of  magnetic  field 
are  included  in  subscale  model  equations  for  k  and  e  of  the  TRANS  approach: 

Gt  =  -jBlkexp(^-CL^Bljy,  Gi  =  Gf-  (4) 

In  this  paper,  due  to  limited  space,  we  presented  only  situation  where  the  gravi¬ 
tational  vector  and  imposed  magnetic  field  are  aligned.  The  presence  of  magnetic 
field  significantly  damps  the  heat  transfer,  as  shown  by  the  time  evolution  of  the 
Nusselt  number,  Fig.  3.  The  long-time  averaged  vertical  temperature  profiles 
show  a  visible  temperature  inversion  as  the  magnetic  field  strength  increase.  Due 
to  presence  of  Lorentz  force  in  the  horizontal  plane  (for  gi\\Bi  case),  the  hori¬ 
zontal  movement  of  thermal  plumes  is  significantly  reduced.  These  plumes  are 
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Figure  4:  The  spatial  reorganization  of  the  large  coherent  structures  (defined  by 
kinematic  vorticity  number  Mk  =  (l^i S,j)  ^  =3  under  influence  of  imposed 
transversal  magnetic  field  of  different  strength  {Ha  =  0,20, 100) 

smaller  and  more  extended  in  vertical  direction  compared  to  situation  without 
magnetic  field.  The  large  coherent  structures  show  a  similar  behavior,  Fig. 4. 
With  an  increase  in  Ha,  they  become  smaller  with  a  more  pronounced  orienta¬ 
tion  in  vertical  direction.  This  confirms  the  general  view  that  vortical  structures 
are  modified  with  a  tendency  to  align  the  major  vortex  axis  with  the  magnetic 
field  vector. 

3  Conclusions 

Turbulence  confined  between  two  infinite  horizontal  plates  and  subjected  to 
combined  thermal  buoyancy  and  magnetic  fields  has  been  studied  using  two 
simulation  techniques:  large  eddy  simulation  (LES)  and  time-dependent  RANS 
(TRANS)  methods.  It  is  demonstrated  that  TRANS  techniques  compared  to 
LES  reproduced  the  heat  transfer  in  much  closer  accordance  with  DNS  results. 
It  is  argued  that  TRANS  method  can  reproduce  the  major  flow  features  and 
turbulence  statistics,  as  well  as  to  capture  the  coherent  structures,  much  in  ac¬ 
cord  with  DNS  and  LES  results,  but  with  substantially  smaller  computational 
effort. 
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Self- organization  of  large-scale  structures  in  turbulent  and  chaotic  flows  is  one 
of  important  problems  of  hydrodynamics.  Helical  turbulence  occupies  a  special 
position  among  these  flows.  Helicity  H  =  J{u-rotu)dV  (here  u  is  the  velocity), 

V 

being  a  second  invariant  of  Euler’s  equation,  just  as  energy  [10],  exerts  a  great 
influence  on  the  evolution  and  stability  of  turbulent  and  laminar  flows  [8,  2,  7,  5]. 
Apparently,  helicity  is  one  of  the  main  sources  of  magnetic  fields  generation 
and  maintaining  in  astrophysical  objects  [13].  Possibly,  helical  mechanism  is 
responsible  for  the  generation  of  intense  large-scale  geophysical  vortices,  such  as 
typhoons  [11,  4]. 

Numerous  investigations  of  the  properties  of  helical  turbulence  (see,  for  ex¬ 
ample,  [8])  also  demonstrate  that  non-zero  helicity  leads  to  the  decrease  in  the 
energy  flux  from  large  to  small  scales.  One  of  principal  parameters  connected 
with  the  energy  flux  from  larger  to  smaller  scales  is  turbulent  viscosity.  Hence, 
its  magnitude  should  decrease  with  decreasing  direct  energy  cascade.  Addition¬ 
ally,  a  decrease  in  energy  transfer  should  lead  to  another  energy  redistribution 
between  different  scales  involved  in  turbulent  motions.  At  the  initial  (linear) 
stage  of  such  redistribution  the  process  can  be  unstable  [2,  7]. 

In  the  present  work  we  dwell  on  the  main  characteristics  of  helical  turbulent 
flows.  We  briefly  discuss  how  mean  helisity  can  be  generated  in  a  medium  and 
how  small-scale  and  large-scale  characteristics  of  the  flow  change  if  the  mean 
helicity  is  non-zero. 

Helicity  generation 

The  problem  of  mean  helicity  generation  is  connected  with  mirror  symmetry 
violation  in  hydrodynamic  flows.  It  is  known  that  mean  helicity  is  generated 
in  a  rotating  stratified  atmosphere[13].  Other  situations  where  helicity  can  also 
be  generated  were  studied  in  [6,  9,  12]  for  the  Eckman  boundary  layers  and 
convective  flows.  The  dissipative  mechanism  of  mean  helicity  generation  was 
proposed  first  in  [1].  This  mechanism  is  the  cause  of  a  helical  ”  fur-coat”  of 
secondary  vortices  ’’worn”  by  interacting  vortical  structures.  Here  we  dwell 
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on  the  process  of  mean  helicity  generation  in  an  electroconductive  fluid  shear 
flow  in  an  external  homogeneous  magnetic  field.  As  it  was  shown  m  [5]  m 
the  equation  for  helicity  first-order  terms  appear,  which  me  proportional  to 
(nlBl  -  (BoV)  [Bo  X  Uo])  (where  Qo  =  rotu  and  B^  is  an  ex¬ 

ternal  magnetic  field) .  These  terms  lead  to  an  intense  generation  of  mean  helicity. 

Thus,  we  can  assume  that  non-zero  mean  helicity  exists  in  turbulence  flows 
practically  always.  This  helicity  is  generated  in  different  processes  which  violate 
the  mirror  symmetry  in  a  flow. 

Inverse  cascade  and  helical  spectrum 

To  study  helicity  influence  on  the  turbulent  energy  cascade,  we  consider  the 
stability  of  helical  turbulence  with  respect  to  weak  large-scale  inhomogeneous 
disturbances  of  the  velocity  field[2].  In  this  case  turbulent  part  of  the  velocity 
has  a  form  u'  =  Let  a  two-point  correlator  of  undisturbed  turbulence 

have  the  following  form 


Qj°(x,f,e,r)  =  uP(x,i)uP(x',tO  =  A{^,T)Sij  + 

(  =  |x  -  x'l  ,r  =  -  i'l . 

Then  the  equation  for  a  two-point  correlator  of  disturbance  Q^j  (x,  ~ 

ul(x,i)u5(x',t0  has  the  form  [2]: 


—  (z/  CXEipk^ p 


D(u(x,  r,  X,  t),  gi^(x,  L  0, 0),  r*) 

where  D  is  a  function  of  average  velocity  u(x,0  and  correlators 
QjO(x,L0,0);  lyf  =  A(0,0)r*,  a  =  |C(0,0)|r%  and  r*  is  the  relaxation  time  in 
Orszag’s  approximation  model.  As  follows  from  this  system,  the  parameter  of 
instability  (or  increment)  7  =  -iuj  is  defined  by  the  condition:  7  =  ±  ak, 

where  1/'  =  +  lyf. 

At  k  <  a/u'  experiences  instability  arises  in  the  system.  In  fact,  at  large- 
scale  disturbances  of  the  correlational  tensor  with  k  <  hur  =  ol/v',  the  system 
is  unstable  (at  the  linear  stage);  energy  growth  take  place  over  these  scales. 
Turbulent  energy  in  the  linear  mode  is  redistributed  with  an  exponential  growth 
over  the  scales  k  <  hur-  On  the  other  hand,  within  the  range  oik>  hur.  helicity 
increases  the  characteristic  dissipation  time  rjigg  ^  ^  =  l/(-i^'A:“  -H  \C\T*ky 
This  implies  an  increase  in  the  lifetime  of  vortices  of  the  given  scale  which,  m 
turn,  increases  the  probability  of  their  merging,  thus  slowing  down  the  energy 
transfer  over  the  spectrum  and  leading  to  an  inverse  transfer  from  small  to  large 
scales 

The  same  situation  takes  place  in  MHD  turbulent  flows  in  laboratory  ex¬ 
periments  [7].  A  modified  parameter  of  instability  has  a  form:  7  =  -z///A:“  - 


On  certain  features  of  helical  turbulent  hows 


59 


Ncos^  B±f\C\k^  where  N  is  the  Stuart  number;  6  is  an  angle  between  the  direc¬ 
tions  of  an  external  magnetic  field  and  wave  vector,  and  f  =  +  N  cos^^)~\ 

For  7  >  0  :  ^ 


1 

2 


Hur 


4jVcos^e 

ktur''’  J 


^  ^  2  ^tur 


1  +  (1- 


ANcos^e 


here  uf  =  ^(0, 0)f,  and  when  a  magnetic  field  is  absent  {N  0),  this  inequality 
transforms  into  k  <  a/i/\  We  can  see  that  turbulent  modes  grow  in  a  limited 
interval  whose  size  depends  on  the  magnitude  of  the  magnetic  field. 

Let  cos^  =  0,  i.e.,  we  consider  the  modes  for  which  k  ±  Bo.  In  this  case 
0  <  A;  <  ktur-  On  the  other  hand,  at  cos6  =  1,  i.e.,  in  the  modes  for  which  k  || 
Bo. 


1 

2 


With  growing  magnetic  field  the  instability  interval  is  reduced  and  vanishes  at 
the  magnetic  fields  described  by  4N/j/'  =  kf^^. 

Note  that  when  the  instability  vanishes  with  growing  external  magnetic  field, 
the  value  of  cosO  decreases  and  tends  to  zero  at  Bo  oo.  Hence,  at  large 
scales  k  <  ktur  in  a  strong  magnetic  field  turbulence  is  quasi- two-dimensional. 
At  A;  >  ktur  turbulence  remains  three-dimensional  and  helical,  as  shows,  in 
particular,  the  dependence  of  energy  density  on  the  wave  vector  [3,  4].  Thus, 
the  behavior  of  helical  turbulence  (and  it  is  helical  practically  always)  in  an 
external  homogeneous  magnetic  field  is  three-dimensional.  It  can  be  quasi-two- 
dimensional  at  the  large  scales  in  a  strong  magnetic  field  only.  But  it  is  not 
only  the  magnitude  of  a  magnetic  field  that  determines  the  transition  in  this 
regime,  but  also  the  intrinsic  parameters  of  the  fiow,  such  as  kinematic  viscosity, 
characteristic  relaxation  time,  density,  conductivity  etc. 

As  we  have  noted  above,  mean  helicity  changes  energy  transfer  in  a  turbulent 
fiow.  It  is  well  known  that  the  spectral  energy  density  has  the  form  E{k)  oc  k~^^^ 
in  Obuchov-Kolmogorov’s  model  of  the  direct  cascade,  and  the  energy  transfer 
rate  plays  the  principal  role.  On  the  other  hand,  if  the  mean  helicity  transfer  rate 
T)  =  dH/dt  is  a  determining  parameter,  the  dependence  of  E{k)  on  k  changes 
and  transform  into  E{k)  oc  A:“'^/^[12].  The  transition  from  one  regime  to  another 
is  connected  with  the  magnitude  of  helicity  in  the  flow.  The  Kolmogorov’s 
spectrum  exists  when  the  influence  of  helicity  transfer  is  weak. 

Turbulent  viscosity 

A  special  influence  of  mean  helicity  on  the  flow  characteristics  manifests 
itself  in  the  turbulent  viscosity  change.  Turbulent  viscosity  decreases,  and  its 
dependence  on  the  helicity  has  the  form[4]: 


ut  ~ 


14- 


CX3  oo  1 

^  I  Jexp{-^^eT){2E,{k,T)Ch{akT)  +  Sl^^Sh{akr))dkdT 


ktxtr  C 
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^  J  J exp(-u^k-^r){[Ef{k,T)  +  - 

_  2Hf{k,T)  _  l^^/(^-_:)]sh(afcT)}dfcrfT 

h  k  6  dk  ‘  ^  ” 

where  Ef{k,T)  and  Hf{k,T)  are  related  to  symmetric  and  antisymmetric 
parts  of  the  Fourier-transform  of  the  undisturbed  turbulence  correlator.  Turbu¬ 
lent  viscosity  ut  in  the  presence  of  an  external  magnetic  field  decreases  strongly  [7, 

^1- 

Conclusion 

In  conclusion,  we  list  mean  features  of  a  helical  flow.  The  process  of  mean 
helicity  generation  exists  practically  always  in  any  flows.  If  the  determining 
parameter  of  the  turbulent  system  is  mean  helicity  transfer  rate,  the  spectral 
density  of  energy  has  a  non-Kolmogorov’s  dependence  on  k  {  E{k)  oc  k  ). 
There  is  an  inverse  cascade  of  turbulent  energy  from  small  to  large  scales,  which 
is  connected  with  the  life-time  growth  of  eddies  in  small  scales.  Turbulent  vis¬ 
cosity  of  a  helical  flow  decreases,  and  this  effect  can  be  intensified  in  an  external 
magnetic  field.  Turbulent  viscosity  decrease  in  a  helical  flow  can  play  an  appre¬ 
ciable  role  in  solving  the  drag  reduction  problem. 
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Our  experimental  studies  of  magnetohydrodynamic  (MHD)  turbulence  have 
revealed  its  different  modes  corresponding  to  the  interaction  parameter  N  value 
which  describes  the  ratio  of  electromagnetic  to  inertial  forces.  Particularly,  Kol¬ 
mogorov’s  mode  with  the  velocity  spectral  slope  -5/3  in  the  inertial  range  trans¬ 
forms  into  a  mode  with  the  slope  close  to  -7/3  with  the  growth  of  N.  Such 
turbulence  has  been  called  helical,  since  in  this  scale  range  helicity  transfer  de¬ 
termines  its  properties  [1].  Main  properties  of  helical  turbulence  defined  by  the 
instability  of  large-scale  motions  and  by  the  arising  inverse  energy  transfer,  as 
well  as  by  turbulent  diffusivity  drop  are  described  in  detail  in  [2].  Here  we  ex¬ 
amine  velocity  spectra  which  allow  us  to  reveal  the  helical  turbulence  mode  and 
to  establish  its  quantitative  characteristics. 

Our  further  studies  have  shown  that  spectra  with  the  slope  close  to  -7/3  are 
also  obtained  in  the  atmosphere.  In  the  laboratory  studies  such  spectral  slope 
as  in  MHD  helical  turbulence  was  revealed  under  the  conditions  of  convection, 
rotation,  stratification,  as  well  as  in  numerical  studies  of  such  flows.  The  helical 
turbulence  mode  is  widespread  since  it  appears  when  the  motion  is  affected  by 
factors  of  various  physical  origin  causing  symmetry  violation  [3]. 

A  brief  review  of  helical  turbulence  cases  demonstrates  that  this  phenomenon 
exists  in  turbulent  flows  under  various  conditions.  Thus,  velocity  spectra  with 
slopes  -2.3  and  -2.46  were  obtained  for  turbulence  generated  by  unstable  density 
front  in  stratified  fluid  experiments  under  rotation  [4].  Similar  results  have 
been  obtained  in  a  rotationally  dominated  turbulent  flow  where  spectral  slope 
was  evaluated  as  -2.5  [5].  The  experiments  in  stably  stratified  turbulence  have 
revealed  spectra  with  a  slope  ’’...slightly  greater  than  -2”  [6].  Authors  note 
that  the  observed  reverse  energy  cascade  is  similar  to  the  predictions  for  two- 
dimensional  turbulence,  but  the  velocity  spectra  do  not  show  any  evidence  that 
the  collapsed  turbulence  has  become  purely  two-dimensional.  In  this  experiment 
a  velocity  spectrum  was  obtained  in  a  flow  of  salt-stratified  water  streamdown 
of  an  array  of  vertical  rods.  We  estimate  a  spectral  slope  in  the  section  ^  = 
60  (M  =  3.81  cm)  as  rather  close  to  -7/3  within  the  range  of  scales  covering  a 
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decade.  Besides,  there  is  an  adjacent  range  covering  a  decade  in  larger  scales, 
where  the  spectral  slope  is  close  to  -5/3. 

Wind  spectra  computed  for  the  FGGE-IIIa  global  data  set  display  a  power 
law  ’’...with  slopes  somewhat  shallower  than  -3  ”  at  high  global  wave-numbers 
[7].  Authors  note  a  strong  up-scale  energy  flux  towards  low  wave- number  range 
which  they  also  cannot  interpret  within  the  theory  of  two-dimensional  turbu¬ 
lence.  Our  estimation  of  the  slope  of  these  spectra  is  -7/3  within  the  range  of 
global  wave  numbers  above  7.5.  Twenty  six  tapes  of  wind  obtained  during  long 
distance  flights  were  studied  in  [10],  and  the  corresponding  wind  spectral  slope 
was  about  -2.2.  The  slope  of  130  stratospheric  wind  spectra  obtained  during 
Global  Atmospheric  Sampling  Program  (GASP)  was  estimated  as  -2.2  and  -2.5 
for  the  synoptic  scale  range  [8].  Our  estimation  of  GASP  spectra  for  1670  flights 
at  the  latitudes  from  30°S  to  60^N  [9]  gives  a  slope  close  to  -7/3  for  the  merid¬ 
ional  wind  component  in  the  range  of  synoptic  scales  from  3  to  0.3  thous.  km  [3]. 
Here  the  adjacent  mesoscale  range  can  be  satisfactorily  approximated  by  -5/3 
slope.  Wind  spectra  characterizing  in  more  detail  the  mesoscale  range  of  GASP 
data  are  given  in  [12]  for  three  different  regions  -  over  plains,  mountains  and 
ocean.  The  authors  note  that  steepened  spectral  slopes  (-7/3  as  we  estimated) 
correspond  to  velocity  fluctuations  scales  below  15-23  km. 

Thus,  we  can  summarize  the  main  properties  of  spectra  presented  here  as 
well  as  other  helical  turbulence  spectra  that  are  not  mentioned  in  this  brief 
report.  Spectra  include  adjacent  ranges  with  slopes  close  to  -5/3  and  -7/3  and 
a  characteristic  scale  L  of  their  matching.  Besides,  there  can  be  several  ranges 
with  such  alternating  slopes  and  respective  characteristic  scales.  Figure  la  shows 
a  complex  wind  spectrum  illustrating  the  properties  of  helical  turbulence.  The 
large-scale  synoptic  spectrum  with  -7/3  slope  becomes  below  Ls  —  300  km  a 
spectrum  with  -5/3  slope  in  the  mesoscale.  Then  a  spectrum  with  -7/3  slope  is 
formed  on  the  scales  below  =  15  km.  For  the  scales  below  2  km  we  applied 
spectra  obtained  in  [13]  for  the  atmospheric  boundary  layer.  The  slope  of  these 
spectra  is  close  to  -7/3  within  the  scale  range  from  the  boundary  layer  altitude 
(-1.5-2  km)  to  Lt  ^  250  m,  and  to  -5/3  -  on  the  scales  <  250  m.  Note  another 
transition  from  -5/3  to  -7/3  slope  at  still  smaller  scales  (—  1  m)  in  spectra  [14] 
obtained  under  a  strong  wind  forcing  in  the  overflow  of  a  hill. 

Let  us  describe  main  features  of  helical  turbulence  spectra.  Helicity  H,  just 
as  kinetic  energy,  is  an  inviscid  invariant  and  a  basic  characteristic  of  turbulent 
motion.  For  certain  turbulence  modes  both  the  energy  transfer  rate  e  =  du^/dt 
and  the  helicity  transfer  rate  =  dHIdt  are  crucial  parameters  defining  spectra 
formation.  Helical  turbulence  spectrum  (see  Fig.  la)  includes  Kolmogorov’s 
-5/3  range  determined  by  the  energy  transfer  rate  e  :  E{k)  =  and 

-7/3  range  determined  by  the  helicity  transfer  rate  rj  :  E{k)  = 
where  C2  =  (27r)‘-^/^Gi .  Therefore,  C2  =  1-7  for  the  horizontal  velocity  spectrum 
Eu{kh)  and  C2  =  2.2  for  the  vertical  one  Eu{kz),  since  Ci  =  0.5;  C[  =  0.65 
[11].  Since  C2,  generally  speaking,  can  differ  from  the  mentioned  value  by  a 
constant  factor,  we  have  independently  estimated  on  the  Earth  rotation  basis. 
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Figure  1:  Compound  wind  spectrum  characterizing  helical  turbulence  (a)  and 
transfer  rates  of  energy  e  and  helicity  ry  established  for  various  laboratory  and 
atmospheric  conditions  (b):  1  -  [9],  2  -  [13],  3  -  [15],  4  -  [16],  5  -  [1],  6  -  [12], 
7  -  [17],  8  -  [10],  9  -  [18].  Straight  lines  indicate  the  scales  of  spectral  range 
conjugations:  A  -  3  cm,  B  -  0.1  km,  C  -  1  km,  D  -  15  km,  E  -  300  km. 


For  synoptic  scales  in  the  troposphere,  estimation  of  the  helicity  transfer  rate  p 
=  2uVls\n4)/t  =  5.5  •  10“®cm/s^,  where  the  latitude  (j)  =  45®  ;  ft  =  7.27  x  10“^ 
rad/s  is  angular  velocity;  u  =  2  m/s  -  vertical  velocity;  t  =  100  hours  is  the 
synoptic  spectral  maximum.  For  atmospheric  boundary  layer  scales,  estimation 
of  7y  =  10~^cm/s^,  where  t=  200  s  is  the  atmospheric  boundary  layer  spectral 
maximum.  The  above  value  of  the  coefficient  C2  may  be  applied  until  it  will  be 
defined  more  precisely  in  experiments  requiring  direct  r)  measurements. 

In  the  case  of  helical  turbulence,  a  helicity  scale  L,,  =  e/Ty  divides  the  spec¬ 
trum  into  two  ranges.  As  observations  show,  under  atmospheric  conditions  there 
are  several  values  of  the  scale  L.,,.  They  characterize  the  situation  of  several  in¬ 
puts  of  energy  and  helicity  generating  a  complex  wind  spectrum  (Fig.  la).  If 
the  range  scale  is  limited,  as  in  laboratory  flows  or  in  the  atmospheric  boundary 
layer,  only  one  scale  or  even  one  range  is  observed. 

Energy  and  helicity  transfer  (ry  =  e/T,,)  rates  estimated  on  the  basis  of  veloc¬ 
ity  spectra  in  flows  of  various  scales  are  shown  in  Fig.  lb.  In  particular,  within 
L.,j  range  from  100  m  to  300  km  in  the  atmosphere,  e  varies  within  0.3  —  30 
cm^/s^,  whereas  helicity  transfer  rate  -  within  (0.03  ^  3000)  10“®  cm/s^.  A 
much  larger  range  of  the  variation  of  helicity  transfer  rate  (10®)  than  that  of 
energy  transfer  rate  (10^)  points  to  a  much  higher  topological  variability  of  tur¬ 
bulence  in  comparison  with  its  energy  variability.  Helical  turbulence  possessing 
a  partial  order  represents  a  mode  of  turbulent  flow  which  determines  the  simi¬ 
larity  of  turbulent  characteristics  noted  under  various  external  conditions  in  the 
laboratory  and  in  nature. 
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1  Introduction 

In  90-s  has  been  formulated  a  conception  of  so-called  bypass  transition  to  turbu¬ 
lence  that  is  able  to  explain  subcritical  transition  in  shear  flows  [1-5].  According 
to  this  conception  transient  growth  of  disturbances  is  a  key  element  in  the  sub- 
critical  transition  process.  (All  normal  modes  of  the  system  are  exponentially 
stable.)  At  the  same  time,  trigger  of  nonlinear  (energy  conserving  mixing)  re¬ 
generation  process  of  the  disturbances  that  are  able  to  draw  mean  flow  energy 
is  the  necessary  step  to  the  transition.  This  fact  necessitates  the  existence  of 
flnite  initial  vortex  disturbance  in  the  system  for  the  transition.  It  is  obvious, 
that  the  finite  disturbance  can  be  produced  at  extrinsic  forcing.  For  instance,  in 
the  paper  [6]  a  pair  of  small  but  finite  amplitude  oblique  waves  were  used  as  ini¬ 
tial  condition  in  numerical  simulations  of  transition  to  turbulent  flow.  However, 
the  question  arises:  whether  or  not  the  intrinsic,  stochastic  forces  can  gener¬ 
ate  the  finite  vortex  perturbations  in  shear  flows,  i.e.  does  this  nonequilibrium 
system  give  birth  to  the  sufficiently  high  level  of  the  background  of  vortex  fluc¬ 
tuation?  The  question  is  the  motivation  of  our  exploration  of  the  fluctuation 
background.  The  background  of  hydrodynamic  fluctuations  in  a  stochastically 
forced,  laminar,  Couette  flow  is  described  and  analysed.  It  is  shown  that  in 
the  nonequilibrium  open  system  under  study  it  exists  subspace  Pk  in  the  wave- 
number  space  (k-space)  where  the  spatial  Fourier  harmonics  of  vortex  as  well  as 
acoustic  wave  fluctuations  are  strongly  subjected  by  flow  shear:  The  fluctuation 
backgrounds  of  both  the  vortex  and  the  acoustic  wave  modes  are  anisotropic  and 
non-markovian;  The  spatial  spectral  density  of  the  energy  of  the  vortex  fluctua¬ 
tions  by  far  exceeds  the  white-noise;  The  fluctuation  background  of  the  acoustic 
waves  should  be  completely  different  at  low  and  moderate/high  shear  rates. 
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2  Formalism 

Consider  Couette  flow  with  the  velocity  shear  parameter  A:  U  =  U(Aj/,0,0). 
Numerical  calculations  are  performed  for  three-dimensional  vortex  fluctuations 
at  small  deviation  from  the  macroscopic  equilibrium  state.  I.e.,  for  stochastically 
driven  Navier-Stokes  equations  linearized  about  the  mean  shear  flow: 


du,,{r,t)  ,  duy{r,t)  ,  du,{T,t) 


Po  dx  Po  oxj 


+  Ay^  u,Ar,  i)  =  +  .AuAr,t)  +  (3) 


1  dp{r,t) 
po  dy 
1  dp(r,t) 


1  dSyj{T,t) 
Po  dxj 
1  ds,j{v,f) 


uAr,t)  =  -1^  +  (4) 

\dt  '^dxj  ^  Po  dz  '  '  Po  dxj 

Here  po  is  uniform  flow  density;  p(r, i),  f),  Vy{Y,i),  u-{r,t)  -  perturbations 

of  pressure  and  velocity  components  respectively;  Sij(r,  f)  -  the  spontaneous 
strain  tensor  [i,j  =  x,y,z)]  The  statistical  properties  of  Sij{r,t)  are  modeled  in 
accordance  with  the  Fluctuation-Dissipation  theory  [7]: 

{sij{T,t)si,.i{T' ,t'))  =  2TpQn  SikSji  -I-  6uSkj  -  ^SijSki  S{t  -  r‘)6{t  -  t')  (5) 

Here  n  is  the  kinematic  viscosity;  T  -  temperature;  The  calculations  are  based 
only  on  Eqs.(l-5)  and  no  other  assumptions  are  made  at  all.  Define  the  Fourier 
transform  by 


{u{r,t)]p{r,t);Sij{r,t)}  =  /  dk  {u(k,  i);p(k,  t);  (k,  t)}  e.Tp(zkr).  (6) 


So-called  nonmodal  mathematical  analysis  is  used  and  the  linear  dynamics  of 
spatial  Fourier  harmonics  (SFH)  of  disturbances  without  spectral  expansion  in 
time  is  analyzed.  Finally,  the  energy  spectral  density  of  vortex  fluctuations 
in  the  stationary  limit  (e(k)  =  kpQ|u^(k)|^  +  |uy(k)|^  +  |u-(k)|^)  and  the  cor¬ 
relation  functions  of  the  fluctuations  of  physical  quantities  {{p{k' ,t')p{k" 

{ui,{k' ,f/)uj{k” ,t”)) .)  are  described. 

The  nonmodal  analysis  makes  it  possible  to  represent  the  fluctuation  background 
in  a  new  light  (see  Refs.  [8,  9])  and  provides  insight  into  physics  of  its  formation. 


3  Results 

There  are  itemized  the  main  results  of  our  exploration: 

•  Decisive  role  in  the  formation  of  the  background  of  hydrodynamic  fluctuations, 
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besides  the  (i)  stochastic  and  (ii)  dissipation  processes,  play  two  other  physical 
phenomena;  (iii)  linear  drift  of  the  SFH  in  the  wave-number  space  (k-space)  and 
(iv)  energy  exchange  between  the  mean  flow  and  the  SFH  of  vortices; 

•  It  exists  a  certain  subspace  the  k-space,  limited  externally  by  spherical 

surface  with  radius  k  <  k,j  =  ~  (where  y  is  the  kinematic  vis¬ 

cosity,  Re  =  ALq/u  -  Reynolds  number,  Lq  -  channel  width).  The  SFH  (vortex 
and  acoustic  ones)  are  strongly  subjected  by  the  velocity  shear  at  wave  numbers 
k-  =  kl  -f  ky  +  kl  <  kl  (in  the  nondimensional  variables  K  =  ki/k^,  the  latter 
condition  may  by  rewrite  as  =  Kl  -h  +  Kl  <  1).  I.e.  in  "Dk  the  open 
character  of  the  system  -  action  of  the  processes  (iii)  and  (iv)  -  is  manifested. 
The  last  circumstance  determines  the  peculiar  character  of  the  fluctuation  back¬ 
ground  under  study; 

•  The  energy  spectral  density  of  vortex  fluctuations  in  the  k-space  in  the  sta¬ 

tionary  limit  (e(k))  by  far  exceeds  the  white-noise  in  Pk  (see  Figs.  1,2).  The 
peak  is  the  greater  the  larger  is  Reynolds  number  {e{k)\peak  ~  >  1); 

•  Action  of  the  processes  (iii)  and  (iv)  leads  to  the  anisotropy  of  the  fluctuation 
background  of  vortex  fluctuation  in  X>k  (see  Fig.l).  Maximum  value  lg{EK)peo.k 
{Ek  =  e(k)/r)  is  significantly  displaced  in  the  region  Ky/K^  <  0; 

•  Cross  transport  of  momentum  arises  due  to  the  shear:  component  of  mo¬ 

mentum  is  transported  along  the  axis  Y\ 

•  New,  indirect  way  of  mean  flow  energy  conversion  to  heat  in  the  nonequilib¬ 
rium  steady  state  is  revealed:  there  is  the  permanent  transformation  of  mean 
flow  energy  to  the  spatial  Fourier  harmonics  of  vortex  perturbations  and  at  last 
to  thermal  energy.  The  efficiency  of  this  channel  of  energy  conversion  should 
increase  (and  not  decrease)  with  Reynolds  number.  On  the  transition  to  tur¬ 
bulence  (which  occurs  at  high  Reynolds  numbers)  the  revealed  channel  of  the 
mean  flow  energy  conversion  to  heat  is  transformed  to  the  turbulent  viscosity; 
The  fluctuation  background  of  acoustic  wave  is  also  estimated  that  is  determined 
by  shear  parameter  R  =  A/k.,i~Cs,  where  Cs  is  the  sound  speed.  (As  it  has  been 
found  in  [10]  recently,  vortex  and  acoustic  wave  disturbances  are  coupled  even 
in  linear  theory:  acoustic  waves  are  always  eventually  excited,  even  if  the  initial 
conditions  are  of  nondivergent  form.  This  phenomenon  is  strong  at  i?  >  0.3.) 

•  The  fluctuation  background  of  acoustic  wave  should  be  completely  different  in 
T>k  at  low  [R  <  0.1)  and  moderate/high  [R  >  0.3)  shear  rates: 

-  It  should  be  reduced  in  comparison  to  the  uniform  (non-shear)  flow  at  low 
shear  rates, 

-it  should  be  comparable  to  the  background  of  the  vortex  fluctuations  at  mod¬ 
erate  /high  shear  rates. 

According  to  the  results  of  our  study,  the  finite  perturbations  should  have  the 
intrinsic,  fluctuation  origin  -  fluctuation  background  of  vortices  in  the  region 
of  small  wave-numbers  is  quite  strong,  by  far  exceeds  the  white-noise  at  high 
Reynolds  numbers.  This,  in  turn,  should  trigger  nonlinear  processes  -  energy 
conserving  mixing  -  and  should  lead  to  the  flow  transition  to  turbulence  in  the 
case  of  the  “positive  feedback” . 
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Figure  1;  Plot  of  lgE\<i  in  the 
plane  Kx^Ky  at:  Kx  >  0.06, 
K-  ~  0.05,  JR,e  ^  300.  Maximum 
{lg{EK))penk-.  =  1-79  is  reached  at 

Ky  =  -0.18. 
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Figure  2:  lg{EK)  in  the  plane 
KyOK=  at  Kx  =  0.06,  Re  ^  300. 
Maximum  {lg{Eic))penk  =  1-91  is 
reached  at  Ky  =  —0.22,  K-  = 
0.09. 
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We  have  analyzed  the  dynamics  of  perturbations  in  plane  Couette  flow  (pCf) 
from  a  probabilistic  and  dynamical  system  point  of  view.  In  the  absence  of  a 
sharp  transition  border  we  use  a  probabilistic  approach  to  the  definition  of  a 
transitional  Reynolds  number.  We  find  that  more  than  half  the  initial  condi¬ 
tions  stay  turbulent  for  the  full  integration  time  if  Re  exceeds  a  value  of  about 
320  [1].  In  numerical  annealing  experiments  [2]  it  was  possible  to  follow  the  tur¬ 
bulent  state  down  to  Reynolds  numbers  of  about  240.  This  is  much  lower  than 
the  previous  number  but  also  much  higher  than  the  value  of  120  near  which  the 
first  steady  states  originate  from  saddle  node  bifurcations  [5,  6,  7].  A  promising 
approach  for  further  investigation  is  the  embedding  of  plane  Couette  flow  into 
Couette-Taylor  flow  between  concentric  cylinders.  The  planar  case  emerges  in 
the  limit  of  large  radii  and  shows  similar  behaviour  in  an  experimentally  acces¬ 
sible  parameter  range  [8]. 

Transition  in  plane  Couette  flow 

A  transition  to  turbulence  has  two  prerequisites:  the  first  one  is  the  presence 
of  some  turbulent  state  in  phase  space  and  the  second  one  is  the  stimulation 
of  initial  conditions  that  go  to  that  part  of  phase  space.  In  linearly  unstable 
systems  both  elements  are  very  often  obtained  in  a  single  step:  the  instability 
assures  that  just  about  every  perturbation  is  driven  away  from  the  laminar  flow 
and  the  new  state  that  emerges  is  often  a  global  attractor.  In  many  shear  flows 
the  behaviour  is  different:  the  flows  are  linearly  stable  so  that  only  perturbations 
of  sufficient  amplitude  and  pointing  ‘in  the  right  direction’  escape  from  the  basin 
of  attraction.  And  the  new  states  that  carry  the  turbulent  behaviour  are  difficult 
to  identify,  since  they  are  not  suggested  by  linearly  unstable  modes. 

However,  it  still  remains  a  fact  that  unless  there  are  three-dimensional  sta¬ 
tionary  or  periodic  solutions  no  turbulence  can  be  sustained.  Therefore,  fol¬ 
lowing  up  previous  work  of  Busse  et  al.  we  have  searched  for  3-d  stationary 
states  in  the  plane  Couette  flow.  Fig.  1  shows  all  the  states  we  could  find  in  the 
NBC  symmetry.  The  lowest  one  is  indeed  the  NBC  state,  created  in  a  saddle 
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Figure  1:  Stationary  states  in  plane  Couette  flow,  characterized  by  their  energy. 
The  open  symbols  and  error  bars  mark  the  mean  and  variance  of  the  energy 
fluctuations  in  a  turbulent  state. 


node  bifurcation  at  Re  =  120.  The  next  main  bifurcation  is  near  Re  =  150  and 
thereafter  the  number  of  states  increases  rapidly. 

Experiments  with  a  variety  of  initial  conditions  of  different  shape  and  ampli¬ 
tude  show  that  they  do  not  begin  to  sense  the  presence  of  the  stationary  states 
until  Reynolds  numbers  of  the  order  of  300.  Specifically,  more  than  half  the  ini¬ 
tial  conditions  decay  if  the  Reynolds  number  is  below  about  Re  =  320.  However, 
once  a  turbulent  state  forms  it  can  be  followed  down  to  a  Reynolds  number  of 
about  240  by  slowly  reducing  Re  (a  process  we  call  ‘annealing’  in  analogy  to  the 
slow  reduction  of  temperature  used  in  thermodynamics)  (Fig.  2). 

The  values  for  the  mean  and  the  variance  of  the  kinetic  energy  show  that 
the  turbulent  state  lies  within  reach  of  the  stationary  states  (Fig.  1).  While 
it  is  clear  that  the  stationary  states  themselves  cannot  sustain  the  turbulent 
state,  the  tangle  of  homoclinic  and  heteroclinic  connections  between  them  can. 
Numerical  studies  of  the  phase  space  flow  between  the  states  show  that  for  low 
Re  there  are  few  connections  and  that  their  number  increases  with  Re.  As  the 
number  of  connections  grows  the  escape  rate  from  the  turbulent  state  decreases 
(Fig.  3).  Note  that  the  relaxation  to  the  turbulent  state  is  much  faster,  so  that 
indeed  after  a  short  transient  period  the  same  turbulent  state  is  reached  froiu 
all  initial  conditions. 

Couette-Taylor  system  in  the  limit  of  large  radii 

A  promising  way  to  further  investigations  into  the  origins  and  phase  space  struc¬ 
tures  comrected  with  the  transition  to  turbulence  in  plane  Couette  flow  is  to 
consider  it  as  a  limit  of  Couette-Taylor  flow  between  concentric  cylinders.  For 
large  radii  the  curvature  and  centrifugal  effects  become  minor  and  the  behaviour 
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Figure  2:  Lifetimes  and  final  Reynolds 
number  observed  in  annealing  experi¬ 
ments  with  Re(t)  =  Reo  -  ct.  The  dot¬ 
ted  lines  are  lines  of  constant  Re,  de¬ 
creasing  in  steps  of  10  from  Re  —  310 
for  the  left  line  down  to  Re  —  220  at 
the  right  end.  See  text. 


Re 


Figure  3:  Escape  rates  e  and  relaxation 
rates  i]  extracted  from  lifetime  mea¬ 
surements  for  dilferent  vortex-rings  as 
initial  perturbation  and  from  relaxation 
experiments  [2]. 


should  approach  that  of  plane  Couette  flow.  In  this  limit  the  linear  instability 
of  Couette  flow  to  Taylor  vortices  moves  out  to  higher  Reynolds  number  and 
disappears.  As  shown  first  by  Nagata,  the  wavy  vortex  flow,  which  appears  as  a 
secondary  instability  of  Taylor  vortex  flow  for  small  radii,  persists  as  a  finite  am¬ 
plitude,  finite  Reynolds  number  saddle-node  bifurcation  in  the  Couette-Taylor 
system  for  large  radii.  In  a  parameter  range  where  the  wavy-vortex  flow  state  is 
already  present  but  the  laminar  profile  still  stable  the  behaviour  of  the  system 
should  be  similar  to  that  observed  in  plane  Couette  flow. 

In  order  to  be  able  to  compare  to  plane  Couette  flow  the  Reynolds  number  is 
based  on  half  the  gap  width  and  half  the  velocity  difference  between  cylinders. 
The  ratio  between  radii  of  inner  and  outer  cylinder  is  denoted  by  p.  For  coun¬ 
terrotating  cylinders  the  above  mentioned  overlap  between  existence  of  wavy 
vortex  flow  and  linear  stability  appears  p  >  0.93,  as  is  indicated  in  Fig.  4.  In 
this  regime  the  dynamics  of  the  system  is  similar  to  plane  Couette  flow  and 
shows  also  irregular  fluctuations  in  life  times  (Fig.  5).  Experiments  in  such  a 
parameter  range  of  Couette-Taylor  flow  should  allow  to  study  the  characteristics 
of  shear  flow  turbulence  in  a  closed  flow  geometry  and  provide  valuable  insight 
into  the  mechanisms  of  this  transition. 

Numerical  methods 

We  used  Fourier-Legendre  spectral  methods  with  periodic  boundary  conditions 
in  stream-  and  spanwise  direction.  With  d  as  the  wallnormal  height  of  the  box 
the  fluid  volume  was  2nd  long  and  nd  wide,  which  was  chosen  so  as  to  contain 
one  pair  of  vortices  created  in  the  Nagata-Busse-Clever  bifurcation.  Up  to 
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Figure  4:  Bifurcation  diagram  for  Tay¬ 
lor  vortices  (TVF)  and  wavy  vortices 
(WVF)  in  a  Couette-Taylor  cell  with 
counterrotating  cylinders. 


Figure  5:  Life  time  distribution  in 
Couette-Taylor  flow  at  radius  ratio  r/  = 
0.993  and  counterrotating  cylinders  as 
a  function  of  Reynolds  number  and  the 
disturbance  amplitude. 


83  Fourier  modes  in  the  plane  and  16  Legendre  polynomials  in  the  wall  normal 
direction  were  used.  The  numerical  code  is  energy  preserving  in  the  Eulerian 
limit  and  reproduces  the  characteristic  parameters  identified  by  Busse  and  Clever 
within  a  few  percent. 
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1  Introduction 

The  transition  to  turbulence  is  easier  to  understand  for  systems  that  experience 
a  globally  supercritical  scenario,  such  as  Rayleigh-Benard  convection.  By  con¬ 
trast,  the  plane  Couette  flow  (PCF),  the  shear  flow  achieved  between  two  walls 
in  relative  parallel  motion,  is  perhaps  the  most  dramatic  example  of  subcriti- 
cal  system  since  it  is  stable  against  infinitesimal  perturbations  for  all  Reynolds 
numbers  R  whereas  a  direct  transition  to  turbulence  via  the  nucleation  of  tur¬ 
bulent  spots  is  observed  at  intermediate  R  [1].  On  the  one  hand,  the  mechanism 
sustaining  turbulence  inside  the  spots  involves  the  breakdown  and  regeneration 
of  streamwise  structures  called  “streaks”  observed  in  laboratory  and  computer 
experiments  [2],  also  possibly  connected  to  nonlinear  nontrivial  solutions  of  the 
Navier-Stokes  equations  [3].  On  the  other  hand,  space-time  intermittency  (STI), 
as  introduced  Pomeau  [4],  is  supposed  to  account  for  the  statistics  of  the  coexis¬ 
tence  of  the  turbulent  flow  within  the  spots  and  the  laminar  flow  outside  them. 
Up  to  now,  the  latter  phenomenon  has  been  studied  in  the  context  of  critical 
phenomena  using  spin-like  models  [5].  Here  we  derive  a  simplified,  semi-realistic 
model  that  could  help  filling  the  gap  between  the  STI  paradigm  and  the  actual 
processes  at  work  in  the  PCF. 

2  The  model 

Within  a  “minimal  box”  assumption,  Waleffe  [6]  derived  a  simple  differential 
dynamical  system  thought  to  account  for  the  couplings  that  govern  the  streaks’ 
dynamics.  However,  only  transient  complex  behavior  seems  possible  and  no 
sustained  (temporal)  chaos  is  observed  [7]  in  his  Lorenz-like  model  that  freezes 
the  spatial  structure  by  periodic  boundary  conditions  at  distances  of  the  order 
of  the  gap  between  the  walls.  Unfreezing  the  in-plane  space  dependence  seems 
thus  necessary  to  better  understand  the  transition  to  turbulence  and  especially 
the  microscopic  mechanisms  of  STI.  In  line  with  the  Swift-Hohenberg  approach 
[8]  that  does  the  job  in  convection  problems,  yielding  a  consistent  description  of 
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patterning,  we  develop  here  a  Galerkin  strategy  in  which  the  cross-stream  (y) 
dependence  is  eliminated,  yielding  partial  differential  equations  governing  the 
in-planc  {x,z)  dependence  [9]. 

In  dimensionless  form  the  Navier-Stokes  equations  relevant  to  the  Couette 
problem  read 

5/  v  +  v-Vv  =  —'Vp  +  R  ^  V“v  4- f ,  (1) 

V-v  =  0,  (2) 

where  i?.  =  is  the  Reynolds  number,  h  is  the  half-gap,  U,y  is  the  speed  of 

the  walls,  and  /v  is  the  kinematic  viscosity  of  the  fluid.  For  simplicity  we  assume, 
as  Waleflc  did,  that  the  no-slip  boundary  conditions  at  the  walls  arc  replaced 
by  stress-free  conditions,  which  allows  the  y  dependence  to  be  expanded  using 
trigonometric  functions.  The  bulk  force  f  in  (1)  is  adjusted  so  as  to  geneiate 
the  basic  flow  Vb  =  WbX  with  Ub  =  sin(7r?//2)  and  the  model  is  directly  writ¬ 
ten  for  the  perturbation  v'  in  v  =  Vb  -H  v'  taken  as  =  u  :x.  v  y  w  z 
with  u'  =  Uoix,z,t)  P  Ui(x,z,t)sm{ny/2),  v'  =  V,(x,  z,t)  cos^Try/ 2),  w'  = 
Wo{x,  z,  t)  +  Wi  (:r,  z,t)  sin(7r7//2).  Accordingly,  the  pressure  perturbation  reads 
p'  =  Po(x,z,t)  -t-  Pi(x,z,t)sm{7ry/2).  This  truncated  expansion  is  further  in¬ 
serted  Eqs.  (1-2)  and  a  projection  onto  the  corresponding  reduced  basis  is 
performed.  The  model  reads 

d:rUo  +  dJVo  =  0  ,  d,Ui  +  d,Wi  =  h.nVi  (3) 


diUo  -{-  Nuq 

=  -d^Po  -  IdJJ,  -  pb  +  R~^A2Uo  , 

(4) 

Nuo 

=  Uod.,Uo  +  Wod.Uo  +  lUAUi  +  pbt/i  + 

\W,d-U,  , 

dtWo  +  Nwq 

=  -d,Po  -  5^:1'^  +  , 

(5) 

Nwo 

=  UodJVo  +  Wod-Wa  +  \UAWi  +  pb  Wj 

+  \Wid,Wi  , 

d(  Ui  -f  N[j-^ 

=  -  d,Uo  +  (Aj  -  , 

(6) 

Nip 

=  U,  a„  Uo  +  Uodx  Ui  +  lb  0;  Uo  +  tbo  0^  !7i  . 

diYi  P  Nv, 

=  —  +  Rr^{A-2  —  j’T'^jb  1 

(7) 

Nv, 

=  Uod.,Vi  +  Wod.Vi  , 

diWi  -1-  A^uq 

=  -0,Fi  -  0;,,lbo  +  R-'{A2  -  pqib  , 

(8) 

iViv, 

=  UidxWo  +  Uod,Wi  +  Tb^^l'b  +  lbo0bb  . 

where  (3)  derives  from  the  continuity  equation  by  projection  onto  —  cst 
and  “sin(7r7//2)”  and  (4-8)  from  the  Navier-Stokes  equations  by  projection  onto 
“y  =  cst”,  “sin(7ry/2),”  or  “cos(7ry/2)”  where  appropriate.  The  pressure  field 
can  further  be  eliminated  in  the  usual  way  by  introducing  appropriate  stream- 
functions  and  potentials: 

Uo  =  =  d.A’o  ,  Ui  =  ^  +  ^-^4  ■  (9) 

The  space-time  evolution  of  the  three-dimensional  plane  Couette  flow  velocity  is 
thus  governed  by  a  system  of  three  coupled  partial  differential  equations  foi  the 
three  two-dimensional  fields  Tq,  'IR,  and  appearing  in  (9). 
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3  Preliminary  results 

It  is  easily  checked  that  our  model  preserves  the  linear  stability  of  the  basic  flow 
for  all  R,  while  containing  non-normal  terms  at  the  origin  of  transient  energy 
growth.  Also,  the  nonlinear  terms  in  the  model  conserve  the  kinetic  energy,  as 
the  Navier-Stokes  equations  themselves  do. 

Here  we  present  the  results  of  preliminary  numerical  simulations  with  limited 
computing  power.  A  pseudo-spectral  Fourier  code  with  =  256  and  N~  =  128 
modes  on  a  rectangular  domain  with  periodic  boundary  conditions  at  L,,  =  32 
and  L-  =  16  (hence  6x  —  Sz  =  0.125)  has  been  implemented  on  a  PC  using 
MatLab  FFTs.  The  evolution  is  achieved  by  exact  evaluation  of  diagonal  linear 
terms,  and  second  order,  Adams-Bashford,  evaluation  of  all  other  terms  (linear 
off-diagonal  and  nonlinear).  The  time  step  is  adjusted  according  to  empirical 
nonlinear  stability  requirements  depending  on  R  and  the  spatial  resolution  {St  ~ 
0-001  for  R  =  180).  When  R.  becomes  large,  the  space  resolution  must  be  refined 
in  order  to  avoid  a  finite  time  blow-up  of  the  solution.  This  might  be  due  to  an 
insufficient  leakage  of  energy  via  viscous  dissipation  in  the  cross-stream  direction 
y,  which  can  be  corrected  by  continuing  the  expansion  of  the  velocity  field  and 
adding  terms  generated  by  U2k{x,  2,  t)  eos{2kfly)  -k  U2kxi  sin((2/i;  -k  l)^y), 

at  the  expense  of  complicating  the  model. 

Figure  1  displays  the  evolution  of  the  total  energy  contained  in  the  perturba¬ 
tion  K  ■=  Kq  +  Ki  =  (Uq  ^-Wq)  +  ^{Uf  +  +  W'l),  as  a  convenient  diagnostic 

of  the  PCF’s  state.  A  sustained  turbulent  regime  is  obtained  for  R  =  180.  At 
t  -  200  the  Reynolds  number  is  either  kept  equal  to  180,  or  decreased  down  to 
R  =  100,  R  =  50  (apparently  still  sustained  or  very  long-lived  transient),  R  =  AO 
(chaotic  transient)  or  J?  =  30  (direct  relaxation  towards  laminar  flow).  This 
behavior  is  similar  to  that  observed  in  experiments  except  for  lower  Reynolds 
numbers,  which  is  easily  understood  when  recalling  the  stress-free  assumption. 


Figure  1:  Evolution  of  the  total  kinetic  energy  K  (per  unit  surface):  solid  thin: 
R  =  180;  dashed  thick:  R  =  100;  mixed  thick:  R  =  50,  solid  thick:  R,  =  40; 
dashed  thin:  R  =  30. 
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4  Perspectives 

Focusing  on  the  space-time  behavior,  our  approach  appears  to  be  complemen¬ 
tary  to  that  followed  by  Eckhardt  et  al  [10]  who  pointed  out  the  existence  of 
transient  and  sustained  chaos  in  a  dynamical  system  modeling  PCF  in  a  peri¬ 
odic  “minimal  box”  with  refined  cross-stream  resolution.  The  preliminary  results 
presented  here  are  an  encouragement  to  develop  large  scale  numerical  simula¬ 
tions  on  domains  of  sizes  relevant  to  experiments  where  STI  is  observed.  Our 
model  can  also  be  the  starting  point  of  a  tractable  analytical  approach  of  the 
phenomenon,  possibly  after  some  further  simplification  of  the  nonlineai  terms. 
Improved  models  involving  a  more  fields  or  using  polynomials  appropriate  to 
no-slip  boundary  conditions  are  also  under  development. 

We  believe  that  our  modeling  strategy  is  promising  and  could  be  developed 
also  for  other  shear  flows  in  extended  geometry  where  turbulent  spots  play  a  key 
role,  the  Taylor-Couette  flow  between  counter-rotating  cylinders,  the  Poiseuille 
channel  flow,  or  the  Blasius  boundary  layer  flow. 

Interesting  discussions  with  O.  Dauchot  and  Y  Pomeau,  and  the  participation  of 
F.  Locher  to  early  developments  of  the  present  study  are  deeply  acknowledged. 
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1  Introduction 

In  shear  flows  such  as  pipe  flow  or  plane  Couette  flow,  the  transition  to  tur¬ 
bulence  occurs  for  Reynold  numbers  much  smaller  than  the  linear  instability 
threshold,  or  even  when  there  is  no  linear  instability  at  all.  This  kind  of  transi¬ 
tion,  driven  by  finite  amplitude  disturbances  called  subcritical  exhibits  a  coexis¬ 
tence  of  turbulent  and  laminar  domains,  which  we  have  experimentally  studied 
in  both  plane  Couette  and  contra-rotating  Tayior-Couette  flow  (pCf  and  TCf). 

We  first  shortly  describe  our  experimental  devices,  especially  the  new  large 
aspect-ratios  Tayior-Couette  apparatus.  Second,  after  reviewing  several  charac¬ 
teristics  features  of  the  transition  in  the  pCf  case,  we  present  a  new  flow  regime 
obtained  when  increasing  the  aspect  ratios.  Then,  since  our  pCF  apparatus  is 
not  adapted  for  quantitative  large  aspect  ratios  experiments,  we  consider  the 
Tayior-Couette  system,  which  in  the  contra-rotating  regime  and  in  the  limit  of 
equal  radii  cylinders  is  a  formal  equivalent  to  the  pCf.  This  allows  us  to  perform 
a  quantitative  analysis  for  the  emergence  of  a  long  range  ordered  state,  periodic 
in  space  and  time.  We  would  like  to  propose  a  new  way  of  considering  these 
observations. 


2  Experimental  set-up 

Our  pCf  apparatus  [3](b)  used  to  be  run  with  a  span  wise  aspect  ratio  =  35. 
For  the  purpose  of  the  present  study,  reducing  the  gap  down  to  d  =  1  mm,  we 
obtain  F?^^  =  250.  For  the  moment,  the  Reynolds  number  accuracy  is  not 
better  than  10%  and  does  not  allow  quantitative  analysis. 

The  Tayior-Couette  apparatus  consists  of  two  counter-rotating  coaxial  cylin¬ 
ders.  The  useful  length  of  the  apparatus  is  L  =  380  ±0.1  mm.  The  glass  outer 
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cylinder  has  an  inner  radius  Vg  =  49.95  ±  0.005  mm.  The  inner  cylinder  has  an 
outer  radius  u  =  49.09  ±  0.005  leading  to  a  gap  d  =  0.86  ±  0.01,  a  radius  ratio 
1)  =  0.983  and  aspect  ratios  Vg'f  =  442  and  =  362.  The  flow  is  governed 

by  tlic  inner  (resp.  outer)  Reynolds  numbers,  Ri,„  =  A  constant 

temperature  water  is  circulated  inside  the  core  of  the  inner  cylinder  to  insure 
isothermal  conditions  of  the  system  at  the  room  temperature.  The  visualization 
is  achieved  by  seeding  the  flow  with  kalliroscope.  The  inner  cylinder  is  covered 
by  a  fluorescent  film  and  the  entire  apparatus  is  lighted  with  two  long  UV  neon 
lights  parallel  to  the  cylinder.  Two  plane  mirrors  reflect  the  two- third  of  the 
flow  hidden  to  the  camera  and  the  full  flow  image  is  reconstructed,  (see  [1]  for 
more  details). 

3  Emergence  of  a  long  range  ordered  state 

For  the  past  few  years  a  number  of  experimental  and  numerical  studies  have  lead 
to  the  formulation  of  several  characteristic  features  of  the  transition  to  turbulence 
in  the  pCf.  First,  a  general  picture  of  the  transition  has  emerged  underlying  the 
role  plaid  by  unstable  finite  amplitude  solutions  in  drawing  the  structure  of  the 
phase  space  [2].  Second,  various  observations  have  outlined  the  emergence  of 
turbulent  domains  coexisting  with  the  laminar  flow.  These  domains  move,  grow, 
decay,  split  and  merge  leading  to  a  disordered  spatio-temporal  intermittency, 
that  is  a.  coexistence  dynamics  in  which  active/turbulent  regions  may  invade 
absorbing/laminar  ones,  where  turbulence  cannot  emerge  spontaneously.  Some 
statistical  characterizations  of  this  dynamics  could  be  achieved  but  were  limited 
by  the  small  number  of  domains  observed  simultaneously  [3].  Increasing  the 
spanwise  aspect  ratio  from  =  35  to  =  250,  one  could  ol)serve  up 

to  a  dozen  turbukmt  domains  following  the  same  kind  of  disordered  dynamics 
for  Rx^ynolds  numbers  slightly  above  325.  For  Reynolds  number  of  the  order 
of  350  these  turbulent  domains  load  to  stationary  turbulent  strips  (figure  1). 
Tlu^se  strips  are  inclined  by  about  30°  with  the  streamwise  direction,  and  form  a 
periodic  i)attcrn,  whose  length-scale  is  between  one  and  two  orders  of  magnitude 
larger  than  the  gap.  When  increasing  further  the  Reynolds  number,  the  flow 
becomes  fully  turbulent. 

Lets  consider  now  the  Taylor-Couette  system.  The  flow  regimes  diagram 
in  the  (T?.,,,/?/)  parani('ter  space  have  been  deteinrined  in  the  contra-rotating 
regimes  and  comirared  to  the  one  obtained  by  Andereck  ct  al.  for  a  radius  ratio 
'//  =  0.878  [4].  Apart  from  the  fact  that  the  linear  instabilities  thresholds  increase, 
w(^  also  notice  a  strong  enlargement  of  the  parameters  range  where  laminar- 
turbulent  coexistence  occurs. 

Figure  2  displays  several  snapshots  of  the  whole  flow  for  B.o  =  700.  When 
increasing  i?,/  from  600  to  750  one  observes  (on  the  upper  row)  how  the  turbulent 
spots  merge  and  progressively  lead  to  a  turbulent  spiral  pattern,  propagating 
along  the  axial  direction,  and  (on  the  lower  line)  how  this  turbulent  spiral  evolves 
towards  the  turbulent  state.  Precise  measurements  could  be  performed,  varying 
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Figure  1:  Turbulent  strips  in  pCf,  R  =  345 


Figure  2:  Turbulent  spots  and  turbulent  spiral  in  TCf 
(Ro  =  700,  Ri  =  600;  610;  625;  662;  697;  744^ 

both  Ro  and  Ri  [5] .  The  main  results  concern  the  spiral  geometry.  In  the  present 
system,  the  spiral  pitch,  the  angle  (j)  between  the  spiral  branch  and  the  azimuthal 
direction,  constant  along  the  axial  direction,  decreases  between  40°  and  20°  when 
Ri  increases  and  is  independent  from  Ro  in  the  range  [-900;  -600],  which  we 
explore.  The  azimuthal  wavenumber  of  the  pattern  is  quantified  because  of  the 
azimuthal  periodicity  of  the  flow  :  ko  =  where  P  is  the  mean  perimeter 
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and  no  =  6,  the  number  of  branches  is  constant  in  our  range  of  observation.  The 
axial  wavenumber  kz  increases  linearly  with  Ri,  according  to  the  geometrical 
relation  kz  =  k^ I atan{(l)) .  Finally  in  the  laboratory  frame,  the  spiral  propagates 
with  a  well  define  frequency  cj,  proportional  to  the  mean  angular  velocity. 

Altogether  our  results  call  for  a  description  of  the  turbulent  spiral  as  a  wave, 
which  emerges  from  the  homogeneous  turbulent  regime,  with  a  well  defined 
critical  wavenumber  and  a  well  defined  frequency,  when  following  the  inverse 
transition  from  the  turbulent  flow  to  the  laminar  one.  In  this  perspective  the 
spot  regimes  appears  as  a  disordered  regime  resulting  from  the  multiplication  of 
defects  in  this  spiral  pattern. 

4  Conclusions 

Investigating  the  subcritical  transition  to  turbulence  in  plane  Couette  and  Taylor 
Couette  flows,  we  notice  strong  similarities,  which  call  for  a  unique  modelisa- 
tion.  This  modelisation  should  be  able  to  describe  how  a  long  range  ordered 
pattern  (strips  or  turbulent  spiral)  emerges  from  the  turbulent  state,  develops  in 
amplitude,  and  finally  breaks  into  defects  when  following  the  inverse  transition. 

Further  work  will  deal  with  a  full  characterization  of  the  turbulent  spiral 
(long  term  dynamics,  default  dynamics  ...)  as  well  as  with  the  statistical  char¬ 
acterization  of  the  spot  regime  (lifetime,  size...). 
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In  wall-bounded  shear  flows,  the  evolution  equation  for  the  perturbation 
field,  u,  is  characterized  by  a  non- normal  linear  operator,  C,  and  a  conservative 
nonlinear  term,  Af, 


^  =  £(«)+ V(«). 

For  toy  models  of  this  kind  (Trefethen)  the  attraction  basin  of  a  given  solu¬ 
tion  (the  base  flow)  may  be  shown  to  become  narrower  and  narrower  as  the 
amount  of  non- normality  is  increased.  Moreover,  we  do  not  have,  in  general, 
complete  control  on  either  the  initial  or  the  boundary  conditions.  This  intro¬ 
duces  noise  in  the  system  and  originates  some  fuzziness,  particularly  noticeable 
when  a  stochastic  response  (formation  of  turbulent  spots)  is  going  to  take  over 
the  purely  deterministic  laminar  behavior.  It  follows  a  certain  level  of  uncer¬ 
tainty  in  the  threshold  amplitude  for  breakdown  to  turbulence.  This  effect  is 
clearly  seen  in  fig.  (1),  which  refers  to  a  Poiseuille  flow  perturbed  by  a  short 
duration  injection  of  fluid  issuing  in  the  normal  direction  from  one  of  the  walls. 
By  measuring  the  perturbation  at  a  fixed  station  downstream,  we  evaluate,  as 
a  function  of  the  disturbance  amplitude,  a,  and  of  the  Reynolds  number  of  the 
base  flow,  R,  the  ensemble  average  of  the  energy  contained  in  the  high  frequency 
band  of  the  spectrum. 


Et  =  <  {Tuf>  dt,  (1) 

where  T  stands  for  a  Altering  operator,  in  actual  conditions  a  sharp  hi-pass  Alter 
at  100  LTz.  In  the  experiments,  R  spans  a  subcritical  range,  1500  <  R  <  2500 
(Rc  =  5772),  to  explicitly  exclude  the  classical  modal  amplification  associated 
to  growing  TS-waves. 
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Figure  1:  Left;  Isolevels  of  the  energy  content  in  the  high  frequency  band,  Et, 
vs  Reynolds  number,  R,  and  amplitude  of  the  disturbance,  a.  Right:  Et  as  a 
function  of  a  at  Re  =  2100. 


Beyond  the  fuzzy  boundary  between  laminar  and  turbulent  region,  a  further 
characteristic  of  the  diagram  are  the  multiple  thresholds,  seen,  e.g.,  in  the  cut 
at  Re  ~  2100.  For  this  Reynolds  number,  by  increasing  the  intensity  of  the 
disturbance  we  enter  first  the  turbulent  region  of  the  parameter  space.  Then  the 
response  returns  laminar,  until  a  further  increase  eventually  leads  to  turbulence. 

We  claim  all  these  features  as  related  strictly  to  the  dynamics  of  the  vortical 
structures  which  are  originated  by  the  injection.  Specifically,  the  DNS  results, 
obtained  from  a  largely  validated  code  based  on  a  fully  de-aliased  Fourier  x 


Figure  2:  DNS  results:  evolution  of  the  shear-layer  originated  by  the  injection. 
Symmetry  plane  z  =  0  (x,  flow  direction,  y,  wall-normal)  flow  from  left  to  right. 
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Figure  3:  Iso-contours  of  streamwise  perturbation  velocity,  Re  =  2100,  x  =  30. 
Top,  a  =  2.6,  bottom,  a  =  4.8. 


Chebyshev  x  Fourier  spectral  method  [1],  show  the  formation  of  an  intense 
shear-layer  in  correspondence  with  the  injection,  fig.  (2).  From  its  instability, 
a  complex  system  of  hairpins  is  formed,  which,  depending  on  the  amplitude  of 
the  perturbing  jet,  may  remain  close  to  the  injection  wall,  or  travel  up  to  the 
opposite  wall.  The  streamwise  component  of  the  perturbation  velocity,  as  deter¬ 
mined  from  the  experiments,  fig.  (3),  seems  to  confirm  the  behavior  obtained 
by  DNS.  The  transition  is  initiated  at  the  injection  wall  for  small  amplitude  of 
the  perturbing  jet  (lower  threshold).  For  larger  amplitudes  the  structures  tend 
to  travel  in  the  central  region  of  the  channel,  and  no  transition  is  observed. 
By  increasing  further  the  amplitude,  the  structures  reach  the  opposite  wall  and 
transition  to  turbulence  is  observed  again. 

The  present  analysis  suggests  that  near  the  transition  thresholds  the  dynam¬ 
ics  is  highly  sensitive  to  the  external  noise,  which,  although  maintained  at  a  rea¬ 
sonably  low  level  (incoming  fluctuation  level  less  then  .1  %),  cannot  be  avoided 
altogether.  As  a  first  step  to  investigate  the  effect  of  background  disturbances 
on  the  uncertainty  of  the  threshold  curve,  highly  reproducible  artificial  noise  is 
introduced  in  the  apparatus  by  a  vibrating  ribbon,  fig.  (4).  Our  preliminary 
results  actually  confirm  that  the  addition  of  noise  alters  the  thresholds.  This 
is  presumably  associated  with  a  combination  of  events,  the  most  important  of 
which  takes  places  during  the  phase  of  formation  of  the  hairpins.  Actually,  dur¬ 
ing  this  phase,  small  changes  in  the  shape  and  small  deviations  from  symmetry 
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Figure  4:  Number  of  turbulent  realizations,  n,  vs  amplitude  of  the  injection,  a. 
Controlled  noise  introduced  by  a  vibrating  ribbon,  at  rest  (left),  driven  at  60  Hz 
(center)  and  with  an  added  sub-harmonic  component  (right). 


seem  to  alter  dramatically  the  successive  evolution,  originating  the  stochastic 
behavior  detected  at  the  observation  station  downstream. 
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1  Introduction 

Recent  interest  in  transatmospheric  flight  has  promoted  renewed  research  efforts 
in  laminar-turbulent  wall/free  shear  flow  transition.  The  subject  of  this  work 
is  the  numerical  simulation  of  laminar-turbulent  wall  shear  flow  transition  (case 
of  plane  channel  flow).  As  transition  is  evolving  in  the  streamwise  direction, 
it  is  natural  to  simulate  this  process  with  the  spatial  approach.  Due  to  the 
enormous  computer  requirements  (and  hence  cost)  of  three-dimensional  spatial 
simulations,  most  published  spatial  simulations  are  two-dimensional  and  thus 
confined  to  linear  and  non-linear  primary  instability  stages  of  transition.  Easel 
et.  al  [1]  investigated  the  non-linear  disturbance  development  in  incompressible 
plane  Poiseuille  flow  for  both  sub-critical  and  super-critical  Reynolds  numbers. 
Henningson  et.  al  [2]  investigated  the  bypass  transition  and  transition  thresholds 
in  incompressible  wall  bounded  shear  flows.  The  first  compressible  D.N.S  studies 
were  of  flows  in  open-domains.  These  open-domain  studies,  which  are  reviewed 
in  Lele  [3],  provide  a  useful  reference  in  the  attempt  to  isolate  compressibility 
effects  unique  to  wall-bounded  flows.  Of  more  relevance  are  the  recent  supersonic 
boundary  layer  simulation  of  Guo,  Kleiser  and  Adams  [4]  who  used  DNS  to 
investigate  transition  of  temporally  and  spatially  evolving  Mach  4.5  layers. 

2  Governing  Equations 

The  three  dimensional  time-dependent  compressible  Navier-Stokes  equations  are 
numerically  solved  to  study  spatially  developing  plane  Poiseuille  flows  undergo- 
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ing  transition.  All  distances  are  non-dimcnsionalizecl  by  the  half  channel  width, 
L,  and  all  velocities  by  the  centerline  streamwise  velocity,  U.  (summation  con¬ 
vention  is  used  with  xi  =  .7;,  X2  =  y  and  xs  =  z) 
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dt  ^  dxj 
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3  Numerical  Schemes  and  Boundary  Conditions 

In  the  present  simulations,  NSCBC  (Navier-Stokes  Characteristic  Boundary 
Conditions)  are  used  in  the  streamwise  and  the  vertical  directions.  The  out¬ 
let  pressure  condition  proposed  by  Rudy  and  Strikwerda  [5]  is  employed. 

As  for  the  numerical  schemes,  the  choice  was  made  on  compact  finite  difference 
scheme  [6]  in  the  (x)  and  (y)  directions,  however,  a  classical  Fourier  method  [7] 
is  used  in  the  treatment  of  the  periodic  (z)  direction. 


4  Numerical  Results 

In  any  numerical  simulation,  the  various  parts  of  the  code  must  be  tested  by  solv¬ 
ing  some  problems  with  analytical  or  independently-known  solutions.  The  code 
and  the  boundary  conditions  were  validated  by  simulating  a  steady  Poiseuille 
flow  at  relatively  low  Reynolds  and  Mach  numbers  [8]. 


4.1  Laminar  flow  simulations 

The  Reynolds  number  was  fixed  to  a  relatively  high  value,  Re=2500,  then  three 
laminar  simulations,  with  isothermal  walls,  for  M=0.25,  M=0.5  and  M=0.7  were 
executed.  The  numerical  results  of  each  simulation  show  the  effect  of  compress¬ 
ibility  on  the  temperature  and  density,  however,  the  increase  of  Mach  number 
doesn’t  affect  much  the  streamwise  velocity  component. 
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4.2  Perturbed  flow  simulations 

The  main  subject  of  this  numerical  study  is  to  investigate  the  effects  of  varying 
the  Mach  number  and  the  disturbance  amplitudes  on  the  flow  fields.  The  three 
subsonic  laminar  Poiseuille  flows  (mentioned  above)  were  perturbed  at  the  inlet 
with  random  disturbances  equal  to  1%,  2.5%,  5%  and  10%,  respectively.  Figures 
1,  2  and  3  show  the  evolution  in  time  and  space  of  the  vertical  vorticity  and 
the  low/high  speed  streaks  near  the  wall,  for  Re=2500,  M— 0.25,  0.5  and  0.7, 
respectively.  (cj+  =  0.06(red),  lo~  =  -0.06(5/ue),  =  0.01(yellow)  and  Uj  = 

— 0.01(pr€en)) 


Figure  1:  Evolution  of  near- wall  structure  from  t=183(left)  to  t=189(right),  for 
Re=2500  and  M=0.25  (x  from  0  to  lOL,  y  from  -L  to  -2L/3  and  z  from  0  to  2L). 


Figure  2:  Evolution  of  near-wall  structure  from  t=142(left)  to  t=148(right),  for 
Re=2500  and  M=0.5  (x  from  0  to  lOL,  y  from  -L  to  -2L/3  and  z  from  0  to  2L). 


Figure  3:  Evolution  of  near-wall  structure  from  t=142(left)  to  t— 148(right),  for 
Re=2500  and  M=0.7  (x  from  0  to  lOL,  y  from  -L  to  -2L/3  and  z  from  0  to  2L). 
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5  Conclusions 

Direct  numerical  simulations  of  subsonic  Poiseuille  flows  have  been  performed. 
The  numerical  tests  have  shown  a  good  agreement  with  the  theoretical  results 
of  laminar  flow.  As  a  result  of  the  forced  simulations,  an  early  transitional 
state  scenario  can  be  imagined;  After  reaching  the  laminar  regime,  flows  were 
perturbed  at  the  inlet  with  random  disturbances,  therefore,  near-wall  low/high 
speed  streaks  and  vortical  structure  are  generated.  These  vortical  and  streaky 
structures  are  elongated  longitudinally  with  a  quasi-periodicity  in  the  spanwise 
direction.  For  numerical  simulations  executed  with  disturbance  amplitudes  less 
than  5%  (2.5%  and  1%  cases),  these  structures  were  not  reproduced,  suggesting 
the  existence  of  threshold  amplitudes  for  the  disturbances  to  onset  and  generate 
the  transitional  near  wall  structure.  Work  will  be  continued  to  uncover  the 
reason  behind  this  near- wall  structure  generation,  and  hopefully,  to  complete 
simulating  the  later  stages  of  transition. 
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1  Introduction 

Coherent  structures  present  in  transitional  round  jets  have  been  studied  both 
experimentally  and  numerically.  Most  experimental  works  have  focused  in  the 
study  of  the  primary  modes  of  instabilty.  Numerical  studies  although  dealing 
with  secondary  instabilities  have  been  restricted  to  low  Reynolds  numbers.  Urbin 
and  Metais  [?]  while  studying  the  possibility  of  controlling  a  high  Reynolds 
number  jet  found  what  they  called  the  “alternated  pairing”  mode.  However, 
their  computations  were  performed  using  dissipative  numerical  methods,  which 
somehow  could  put  in  question  the  validity  of  their  conclusions  for  high  Reynolds 
number  flows.  For  the  round  jet  case,  the  goal  of  the  present  work  was  to  study 
in  detail,  using  LES  and  an  highly  accurate  code,  the  eventual  formation  of  this 
original  “alternated  pairing”  mode,  in  a  spatially  evolving  high  Reynolds  number 
round  jet.  After  this,  several  ways  of  controlling  the  jet  were  investigated. 

Most  studies  concerning  coaxial  jets  are  experimental  works  that  deal  with 
the  several  regimes  of  transition  and  their  dependence  upon  the  global  param¬ 
eters  of  the  flow  [?].  Numerical  studies  of  coaxial  jets  are  very  rare  and  often 
restricted  to  2D  cases,  although  coannular  jets  were  recently  studied  with  LES  in 
a  fully  turbulent  configuration  [?].  Here  we  focused  on  studying  (with  DNS)  the 
coherent  structures  present  in  a  spatially  evolving  low  Reynolds  number  transi¬ 
tional  coaxial  jet.  To  the  Authors  knowledge  this  the  first  DNS  of  coaxial  jets 
ever  done. 


2  Direct  and  Large-Eddy  simulations 

All  the  simulations  were  performed  with  the  same  numerical  code.  It  is  an 
highly  accurate  solver  of  the  incompressible  Navier-Stokes  equations  which  com¬ 
bines  pseudo-spectral  and  high-order  compact  finite  difference  schemes.  In  the 
round  jet  case,  the  inflow  mean  velocity  profile  was  given  by  17  =  — 
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^2 tanh  (-b  —  — •  For  the  coaxial  jet  case,  it  was  made  up  of  two  tan- 
gent  hyperbolic  profiles  centered  at  each  gradient  i.e.  U  =  tanh 

for  r  <  /?,„  and  U  =  +  ^^^tanh  for  r  >  Here  Ui  is  the 

jet/inner  jet  centerline  velocity,  U2  is  the  outer  jet’s  velocity  and  U3  is  a  very 
small  co-fiow.  Ri,  R2  and  R^  are  the  jet’s  inner,  outer  and  mean  radius  respec¬ 
tively  and  6i  is  the  momentum  thickness  of  the  i’th  initial  shear  layer.  At  each 
time  step,  a  three  component  fluctuating  velocity  field  (with  statistical  char¬ 
acteristics  of  isotropic  turbulence)  was  superimposed  to  the  stream-wise  mean 
velocity  profiles.  The  noise  is  set  to  be  located  mainly  in  the  sheai  layers  gia- 
dients.  The  outflow  condition  was  of  a  non-reflective  (Orlansky)  type.  All  the 
lateral  boundaries  were  taken  as  periodic.  It  is  clear  that  such  boundary  condi¬ 
tions,  although  permitting  the  use  of  very  accurate  pseudo-spectral  schemes,  do 
not  allow  the  entrainment  naturally  expected  in  free  jets/coaxial  jets.  However, 
if  the  lateral  boundaries  are  placed  sufficiently  far  away,  we  have  checked  that 
those  do  not  perturb  the  flow  with  spurious  reflections.  Furthermoie,  as  was 
previously  shown,  a  very  small  co-flow  (less  than  1%)  superimposed  to  the  inlet 
does  not  perturb  the  flow  dynamics  and  allows  the  natural  growth  of  the  jet  by 
entraiment. 

The  round  jet  simulation  consists  of  an  LES  at  Reynolds  number  Red  = 
=  25000  using  the  filtered  structure  fnction  subgrid-scale  model  proposed 
by  Lesieur  and  Metais  [?].  The  grid  used  has  201  x  96  x  96  points  and  the 
computational  domain  extends  to  12D  x  6D  x  6D.  As  in  Urbin  and  Metais  [?] 
the  ratio  R/O  was  set  to  10  and  the  maximum  amplitude  of  the  incoming  noise 
was  0.5%.  The  coaxial  jet  simulation  is  a  DNS  at  Reynolds  number  Re^^  = 
<^2^1  =  3000.  The  ratio  P  =  ^  was  set  to  2  and  the  grid  consists  of  231  x 
256  X  256  points  to  allow  a  domain  size  of  IO.8D1  x  T.lDi  x  7ADi.  We  here 
choose  ^  ^  =  20  and  the  maximum  noise  amplitude  is  limited  to  3.0%. 

For  the  coaxal  jet  simulation,  a  deterministic  perturbation  of  fixed  frequency 
correponding  to  a  Strouhal  number  Str  =  —  0-33  is  added  to  the  inlet 

noise.  Finally,  the  velocities  chosen  for  both  simulations  are  such  that  ^  =  0.33 
and  g=0.091.  The  co-flow  is  then  very  small  (g  <  1%)  and  does  not  influence 
the  jet  dynamics. 


3  Results  and  Discussion 

The  code  has  been  extensively  validated  in  the  round  jet  configuration.  First  for 
the  laminar  jet,  the  numerical  results  were  compared  with  the  analytical  predic¬ 
tions.  Second  for  the  turbulent  jet,  DNS  were  compared  to  recent  experimental 
measurements.  Visualizations  of  the  high  Reynolds  number  LES  round  jet  are 
shown  in  Figure  1.  As  expected  by  linear  stability  analysis  based  on  the  pre¬ 
scribed  inlet  profile,  at  early  stages  of  transition  i.e.  near  2  <  ;^  <  3  (x  axial 
direction),  one  sees  vortex  rings  appearing  with  a  frequency  corresponding  to  a 
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Strouhal  number  of  Str  =  =  0.35.  Following  the  apparition  of  vortex  rings 

one  sees  that  they  have  a  tendency  to  become  inclined  (making  angles  greater 
than  30^)  with  the  axis  of  the  jet.  This  is  due  to  the  growth  of  a  sub-harmonic 
mode  which  yields  an  alternated  inclination  of  consecutive  vortex  rings.  Fur¬ 
ther  downstream,  strong  stream-wise  vortex  tubes  appear,  mainly  in  the  regions 
where  the  two  consecutive  rings  are  brought  closer  and  where  stretching  mecha¬ 
nisms  are  very  strong.  The  rings  subsequently  undergo  a  localized  pairing.  This 
way  alternated  pairings  [?]  appear  in  the  flow  around  3  <  <5.  Further 

downstream  the  flow  becomes  highly  three-dimensional  with  a  lot  of  small  scale 
activity  and  for  x/D  >  S  the  field  exhibits  statistical  characteristics  of  fully 
developed  turbulence. 


Figure  1:  Large-eddy  simulation  of  a  natural,  spatially  evolving  round  jet.  Iso¬ 
surfaces  of  pressure  (grey)  and  positiv  Q  (green).  The  entire  simulated  jet  (left). 
Idem,  region  between  2  <  x  <  6D  (center).  Pressure  isosurfaces  in  the  region 
2  <  X  <  QD  (right). 

We  now  turn  to  the  case  of  the  spatially  developing  coaxial  jet  (see  Figure  2). 
The  first  stages  of  transition  (;^  <  5)  are  characterized  by  the  emergence  of 
vortex  rings  in  the  regions  of  the  inner  and  outer  velocity  gradients.  The  rings 
soon  begin  to  exhibit  azimuthal  instabilities.  We  have  checked  that  the  inner 
rings  are  unstable  to  an  azimuthal  mode  of  7  while  outer  rings  are  unstable 
to  a  mode  9.  Both  numbers  correspond  fairly  well  with  Widnall’s  prediction 
[?]  for  the  instability  of  an  isolated  vortex  ring  based  upon  the  radii  of  the 
ring  and  of  its  core.  This  seems  to  indicate  that  vortex  ring  interactions  do 
not  significantly  affect  the  stability  characteristics  at  least  for  this  initial  stage. 
Notice  that  the  inner  rings  move  downstream  faster  than  the  outer  ones  since 
we  have  ^  >  1.  An  interesting  phenomemum  is  the  formation,  in  the  jet 
core  and  for  a  distance  >  5,  of  a  region  of  strong  backflow  of  size  =  1 
and  ^  =0.5.  At  a  downstream  distance  5  <  ^  <  8,  pairs  of  stream- wise 
counter-rotating  vortices  form  between  each  two  consecutive  outer  rings.  They 
are  associated  with  a  typical  longitudinal  vorticity  of  about  twice  the  vorticity  of 
their  originating  vortex  rings.  Pairs  of  longitudinal  vortices  can  also  be  observed 
in  the  inner  region  of  the  coaxial  jet,  but  surprisingly  these  are  much  longer 
and  do  not  connect  two  consecutive  inner  rings.  Their  length  may  reach  2.5 
the  average  distance  between  two  consecutive  inner  rings  and  their  vorticity  8 


96 


C.  B.  da  Silva  and  O.  Metals 


times  the  one  of  the  corresponding  inner  vortex  rings.  These  vortices  may  be 
attributable  to  the  presence  of  the  strong  backflow  which  may  yield  a  strong 
stretching  of  longitudinal  vorticity.  This  point  deserves  further  investigation. 
Finally,  merging  of  the  rings  (both  inner  and  outer)  is  seen  to  happen  around 
6  <  ^  <  8,  and  soon  after  the  flow  turns  abruptly  to  fully  developed  turbulence. 


Figure  2:  Direct  numerical  simulation  of  a  forced  spatially  evolving  coaxial  jet. 
Isosolines  of  vorticity  modulus  (left).  Isosurfaces  of  positiv  Q  colored  by  stream- 
wise  vorticity.  Zoom  of  the  region  around  5  <  ^  <  8  (center).  Idem,  inside  the 
coaxial  jet  (right). 
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1  Introduction 

The  traditional  approach  to  small-scale  mixing  enhancement  in  free  shear  flows 
has  been  indirect  and  has  relied  primarily  on  the  manipulation  of  large-scale, 
global  instability  modes  of  the  base  flow  upstream  of  mixing  transition.  More  ef¬ 
ficient  control  of  mixing  in  fully  turbulent  shear  flows  might  be  achieved  by  direct 
(rather  than  hierarchical)  control  of  both  the  large-scale  entrainment  and  the 
small-scale  mixing  processes.  The  present  work  focuses  on  mixing  enhancement 
based  on  concurrent  manipulation  of  both  the  small-  and  large-scale  dynamical 
processes  and  the  coupling  between  the  large-  and  small-scale  motions  in  the 
shear  layers  of  coaxial  round  air  jets.  Excitation  is  effected  by  fluidic  actuators 
based  on  synthetic  (zero  net  mass  flux)  control  jets.  These  jets  are  formed  from 
the  ambient  fluid  near  the  flow  boundary  by  a  time-periodic  train  of  vortical 
structures  induced  by  the  motion  of  a  diaphragm  that  is  operated  at  resonance 
within  a  shallow  cavity.  The  vortical  structures  that  synthesize  each  control  jet 
scale  with  the  membrane  frequency  and  can  be  adjusted  to  match,  and  directly 
interact  with,  small-scale  eddies  within  the  equilibrium  range  of  the  embedding 
flow.  Large-scale  flow  structures  and  global  entrainment  are  affected  by  ampli¬ 
tude  modulation  of  the  diaphragm’s  excitation  waveform. 


2  Experimental  Apparatus  and  Procedure 

The  coaxial  jet  is  formed  by  a  nozzle  (tube  in  the  mixing  facility)  with  Do  = 
2.54cm  and  a  central  tube  with  Di  =  1.4cm  (wall  thickness  t  =  1mm),  yielding 
an  area  ratio  AijAo  =  0.5.  Three  velocity  ratios  Ui/Uo  -0.35,  0.65,  and  1.4  are 
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Figure  1:  Power  spectra  of  the  streamwise  velocity  at  the  radial  location  where 
U{x,r)/U.,nax{^')  =  0.5  with  Ui/Uo  =  0.65  for  forcing  with  carrier  only  (a)  and 
amplitude  modulated  excitation  at  60  Hz  (b).  Corresponding  power  spectra  of 
the  unforced  flow  are  plotted  using  gray  curves. 


investigated  (some  results  for  Ui/Uo  =  0.65  are  presented  here).  The  combined 
volume  flow  rate  is  nominally  constant  and  is  equivalent  to  an  llm/s  uniform  jet 
{Reoj,  =  7700).  The  exit  plane  of  the  primary  jet  nozzle  is  equipped  with  an  in¬ 
sert  housing  nine  individually  controlled  jet  actuators  equally  spaced  around  the 
circumference.  Each  control  jet  issues  from  an  arc-shaped  orifice  {w  =  0.5mm, 
I  —  ^JTLin).  The  carrier  waveform  of  the  actuators  is  1180Hz,  and  the  amplitude, 
duty  cycle,  and  relative  phase  of  each  of  the  modulating  waveforms  of  the  in¬ 
dividual  actuators  are  computer  controlled.  The  effects  of  the  actuation  on  the 
flow  structure  and  mixing  are  investigated  in  two  parallel  experiments.  The  flow 
mechanisms  induced  by  the  excitation  are  inferred  from  detailed  phase-locked 
measurements  of  the  velocity  field  using  two-component  hot  wire  anemometry, 
and  the  resultant  mixing  of  a  passive  scalar  is  studied  using  planar  laser-induced 
fluorescence  (PLIF)  of  acetone.  In  the  mixing  experiments,  acetone  is  seeded 
into  the  annular  air  stream  by  bubbling  the  air  through  a  pressurized  cylinder- 
containing  liquid  acetone. 


3  Results 

The  flow  scales  that  arc  induced  by  the  high-frequency  forcing  (at  the  resonance 
frequency  of  the  actuators)  and  pulse  modulated  forcing  are  apparent  in  power- 
spectra  of  the  streamwise  velocity  measured  in  the  jet  shear  layer  (Figures  la  and 
b,  respectively).  High-frequency  forcing  results  in  spectral  peaks  at  the  forcing- 
frequency  and  some  of  its  higher  harmonics.  The  amplitude  of  the  spectral  peak 
at  the  forcing  frequency  decays  with  downstream  distance,  but  is  still  discernible 
at  x/Do  =  5.  Amplitude  modulation  of  the  excitation  waveform  using  a  modified 
sqirare  wave  function  results  in  spectral  peaks  at  the  carrier  and  modulation 
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Figure  2:  Radial  distributions  of  U  (a),  u'  (b),  and  V  (c)  for  Ui/Uo  =  0.65: 
unforced  (o),  forcing  with  carrier  frequency  (•). 


frequencies  (and  several  higher  harmonics).  In  the  presence  of  modulation,  the 
carrier  frequency  decays  faster  with  streamwise  distance  but  the  spectral  peak 
at  the  modulation  frequency  is  still  present  at  xj Do  =  5. 

Cross-stream  distributions  of  the  streamwise  and  radial  velocity  components 
are  measured  in  a  plane  that  includes  the  jet  centerline  and  passes  through 
the  azimuthal  center  of  an  actuator  at  the  edge  of  the  jet  on  one  side  and 
between  two  actuators  on  the  other  side.  The  measurement  domain  is  x/Do  <  5 
with  increments  of  Ax /Do  =  0.25  and  Ar/Do  =  0.025.  For  the  amplitude- 
modulated  cases,  data  are  acquired  phase  locked  to  the  modulation  waveform 
at  72  equal  phase  increments.  The  effect  of  unmodulated  excitation  input  on 
radial  distributions  of  U,  u',  and  V  at  several  streamwise  stations  is  shown 
in  Figures  2a-c.  Since  the  jet  actuators  are  placed  near  the  radial  edges  of  the 
outer  jet  (r/Do  ~  0.55),  they  lead  to  a  radial  expansion  of  the  jet  flow  field  (more 
than  O.lDo  at  x/Dq  ~  0.04).  The  asymmetry  mentioned  above  is  apparent  at 
x/ Do  =  0.25  and  1  where  the  jet  spreads  radially  towards  the  active  actuator 
on  the  right.  Similar  spreading  was  shown  by  Davis  and  Glezer  [1]  as  a  result  of 
azimuthal  non-uniform  forcing  having  a  three-fold  symmetry  of  a  single  jet.  The 
forcing  leads  to  an  increase  in  u'  throughout  the  entire  width  of  the  annular  flow 
for  x/ Do  <  1  but  does  not  increase  the  turbulent  fluctuations  in  the  core  flow. 
By  x/Do  =  1,  the  differences  between  distributions  of  U  and  u'  in  the  forced 
and  unforced  flows  are  reduced  and  hy  x/Do  =3  the  unforced  and  forced  flows 
are  quite  similar  with  lower  turbulent  intensity  in  the  forced  flow.  The  reduction 
in  u'  downstream  with  forcing  is  ostensibly  due  to  increased  dissipation  in  the 
near  field.  It  is  expected  that  mixing  enhancement  due  to  small-scale  forcing 
would  occur  upstream  of  x/Do  =  3.  The  radial  velocity  is  especially  significant 
to  the  mixing  of  the  two  streams  because  it  is  a  measure  of  the  radial  penetration 
between  the  two  flow  domains.  In  Figure  2c  the  radial  velocity  away  form  the 
jet  centerline  is  taken  to  be  positive  to  the  right  of  the  centerline  and  vice  versa 
on  the  left.  The  strongest  effect  of  the  forcing  occurs  near  the  jet  exit  plane 
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Figure  3:  Jet  mixture  fraction,  /,  for  UilUo  =  0.65:  unforced  (a),  forcing  with 
carrier  only  (b),  and  amplitude  modulated  excitation  at  60  Hz  (c). 


{x/Do  =  0.04).  In  the  unforced  flow,  the  radial  velocities  in  the  core  and  annular 
flows  are  directed  towards  the  wake  region  of  the  pipe  wall.  In  the  presence  of 
forcing,  the  mean  radial  velocity  in  both  the  core  and  annular  flows  is  directed 
outward  except  within  the  wake  and  near  the  jet  actuators.  This  mean  outward 
radial  velocity  results  from  the  time-periodic  entrainment  by  the  synthetic  jets. 
Time  series  of  the  radial  velocity  (not  shown),  indicate  that  in  the  wake  region, 
while  the  mean  radial  velocity  is  nearly  zero,  the  instantaneous  velocity  oscillates 
at  the  forcing  frequency  resulting  in  the  formation  of  vortical  structures  in  the 
mixing  region. 

The  impact  of  forcing  on  the  scalar  field  is  seen  in  Figure  3,  which  shows 
PLIF  images  acquired  in  a  plane  through  the  jet  centerline  with  height  3T>o- 
The  intensity  of  each  pixel  is  converted  to  a  local  mixture  fraction  (/),  defined 
as  the  fraction  of  the  pixel’s  fluid  mass  that  originated  in  the  annular  fluid.  With 
high-frequency  forcing  (Figure  3b),  mixing  increases  between  the  annular  jet  and 
both  the  ambient  fluid  and  inner  jet  (compared  to  the  unforced  case.  Figure  3a). 
Regular  structures  at  the  jet’s  outer  edge  correspond  to  the  individual,  high 
frequency  pulses.  Amplitude  modulation  (Figure  3c)  leads  to  a  further  increase 
in  mixing  during  a  large  portion  of  the  duty  cycle,  primarily  through  inci eased 
entrainment  from  the  associated  large-scale  structures.  Radial  and  azimuthal 
integration  of  the  results  shows  that  there  is  essentially  no  unmixed  annular 
fluid  (defined  as  /  >  0.95)  for  the  amplitude  modulated  case  by  x/Do  =  0.5, 
while  in  the  unforced  case  this  is  not  achieved  until  just  beyond  x/Do  =  2. 

This  work  has  been  supported  by  ARO-MURJ  DAAH04-96- 1-0008. 
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1  Introduction 

Flow  instabilities  play  an  important  role  in  combustion  and  heat  release  pro¬ 
cesses  by  controlling  the  mixing  between  the  fresh  fuel /air  mixture  and  hot 
combustion  products  in  premixed  combustors.  The  evolution  of  these  structures 
in  nonreacting  flows  was  extensively  studied  in  mixing  layers  [1,  2,  3]  and  flows 
over  backward  facing  steps.  However,  the  evolution  of  flow  instability  waves  in 
more  complex  flows  such  as  swirling  flows  and  their  interaction  with  combustion 
is  not  as  well  understood.  Interaction  between  large  scale  structures  related  to 
flow  instabilities,  acoustic  resonant  modes  in  the  combustion  chamber  and  the 
heat  release  process  can  potentially  give  rise  to  undesired  thermoacoustic  insta¬ 
bilities  in  the  combustor.  To  suppress  swirl  induced  instability  controlling  the 
large  scale  vortices  is  of  critical  importance  [4]. 

2  Experimental  Setup,  Results  and  Discussion 

The  instability  structure  was  investigated  in  a  water  test  rig  as  well  as  in  a 
combustor  test-rig  [4].  The  water  test  facility  was  built  as  a  companion  to 
the  combustion  test  facility  and  therefore  designed  to  operate  at  the  same  flow 
parameter  range  as  the  combustion  test  rig  at  Reynolds  number  of  Re  =  80000 
and  swirl  number  of  5  —  0.7.  Measurement  of  the  swirling  jet  in  water  showed 
that  the  flow  pattern  near  the  axis  was  similar  to  wake  flow  behind  a  bluff-body. 
The  other  region  receptive  to  flow  instabilities  was  the  sudden  expansion  area 
at  the  jet’s  (burner’s)  exit  plane.  The  flow  at  this  area  exhibited  features  of  an 
annular  jet.  The  inner  shear  layer  exhibited  primarily  one  fundamental  unstable 
mode  at  a  normalized  frequency  of  St  =  fD/U  =  1.2.  The  outer  shear  layer 
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was  unstable  to  an  axisymmetric  mode  at  a  normalized  frequency  of  St  =  0.58 
and  to  high  frequency  helical  modes. 

Linear  stability  analysis  was  used  to  investigate  the  stability  properties  of  the 
swirl-stabilized  burner.  The  basic  flow  JJ_  under  consideration  is  assumed  to  be 
incompressible,  axisymmetric  and  independent  of  axial  direction  such  that  U_  = 
y(r),  W^(r)},  where  {U,  V,  W}  denote  the  axial,  radial,  and  azimuthal  ve¬ 
locity  components  in  the  {x,r,9}  cylindrical  coordinate  system.  The  linear  dis¬ 
persion  relation  is  derived  by  splitting  the  flow  fleld  into  mean  and  perturbation 
components.The  perturbation  components  are  decomposed  into  normal  modes  of 
the  form  {u' ,p'}  =  {iF{r),G{r),  P{r)}  exp  [i{az nO  -  ojt)],  where 

a  is  the  wavenumber  in  the  axial  direction,  n  is  the  wavenumber  in  the  azimuthal 
direction,  and  lj  is  the  temporal  frequency.  Linearizing  the  Navier-Stokes  equa¬ 
tions  around  the  basic  flow  H  results  in  the  disturbance  equations. 

For  a  semi-infinite  domain,  this  set  of  equations  is  completed  by  boundary 
conditions  that  are  derived  from  requiring  azimuthal  and  radial  derivatives  to 
vanish  on  the  centerline  r  =  0,  and  that  all  perturbations  vanish  at  y  =  oo, 

7-  =  0  :  7iF  +  G  =  0;  F  -h  7iG  =  0;  Tii/  =  0;  7^P  =  0, 

r  =  oo  :  F  =  G  =  F  =  P  =  0.  (1) 

The  resulting  set  of  equations  was  solved  using  a  standard  Chebychev  colloca¬ 
tion  method  which  is  known  for  rapid  convergence  as  the  number  of  discretization 
points  is  increased,  evenly  distributed  errors,  and  straightforward  treatment  of 
boundary  conditions.  Here,  the  eigenfunctions  {F,  G,  F,  P}  are  approximated  by 
a  truncated  series  of  Chebychev  polynomials.  Gauss-Lobatto  points  were  cho¬ 
sen  for  the  collocation  points  of  the  polynomials.  As  the  Chebychev  polynomials 
are  defined  on  the  interval  ^  G  the  numerical  coordinate  ^  needs  to  be 

mapped  onto  the  physical  coordinate  r.  For  the  semi-infinite  interval  7'  G  [0,  oo[ 
investigated  here,  r  =  a(l  -  0/i^  +  0  was  used  where  a  fixes  the  stretching  of 
the  grid  and  b  =  I  +  2a /r max  is  determined  by  the  physical  domain  size.  The 
discretized  equations  could  then  be  written  as  a  generalized  eigenvalue  problem 
which  was  solved  either  for  spatial  (a)  or  temporal  (cj)  eigenmodes.  For  the 
spatial  analysis,  all  terms  that  are  quadratic  in  a  were  additionally  linearized 
using  a  companion  matrix  method  and  the  singularity  that  may  appear  in  the 
eigenvalue  coefficient  matrix  was  eliminated  with  an  artificial  compressibility. 

The  resulting  calculated  modes  of  instability  are  shown  in  Fig.  1.  The 
axisymmetric  mode  in  =  0  is  most  unstable  at  St  =  1.0.  The  frequency  of  the 
axisymmetric  instability  observed  in  the  test  rig  is  mainly  determined  by  the 
acoustic  feedback  which  acts  as  a  forcing  mechanism  to  the  flow  instabilities  is 
somewhat  lower  (St  =  0.58).  Changing  the  flow  speed  shows  the  instability  to 
increase  towards  St  =  1.0.  The  helical  mode,  7n  =  —  1,  which  is  opposite  to  the 
swirling  direction,  was  the  dominant  one.  This  mode  corresponded  to  a  =  1.3, 
which  was  also  identified  as  the  dominant  instability  in  the  flow  measurements. 

The  vortices  shedding  at  the  burner’s  exit  lip  were  visualized  during  com¬ 
bustion  and  in  a  water  tunnel  (Fig.  2).  The  instantaneous  images  of  the  vortex 
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Figure  1:  Instabilities  in  the  swirling  jet.  left:  stability  analysis,  upper:  m  =  0. 
lower:  m  =  —  1.  right:  spectra  measured  in  water  tunnel,  upper:  outer  shear 
layer  r/D  =  1.14.  lower:  inner  shear  layer  r/D  ~  0.5. 


were  captured  at  different  phases  during  its  formation,  revealing  a  strong  coher¬ 
ent  structure  despite  the  high  swirl  number.  In  reacting  flow,  as  these  coherent 
structures  evolve  from  small  incipient  vortices  at  the  burner’s  lip  to  large-scale 
vortices  in  the  shear  layer,  they  mix  fuel,  air  and  combustion  products  and  thus 
dominate  the  pattern  of  heat  release.  The  subsequent  interaction  between  heat 
release  and  acoustic  pressure  waves  set  up  the  conditions  that  may  lead  to  stable 
or  unstable  thermoacoustic  behavior  of  the  combustor. 


Figure  2:  Visualization  of  vortex  shedding  at  the  burner’s  exit  lip. 

In  order  to  modify  the  combustion  process  by  controlling  the  swirling  jet,  a 
special  arrangement  was  added  to  the  burner’s  exit  to  enable  direct  excitation 
of  the  separating  jet’s  circumferential  shear  layer  to  control  the  shear  layer  and 
thus  the  vortex  formation.  Symmetric  and  antisymmetric  excitation  was  tested 
(Figs.  3-4).  A  closed  loop  feedback  controller  determined  the  timing  of  the 
modulation.  The  effects  of  parameters  as  phase,  amplitude  and  duty  cycle  of 
the  modulation  as  well  as  combustion  output  power  and  equivalence  ratio  on 
the  pressure  oscillations  during  combustion  and  on  NO^;  and  CO  emissions  were 
studied. 
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Figure  3:  Closed  loop  control.  Sym¬ 
metric  excitation  at  F/F„iax  =  1.9% 
and  St  ■=  0.67. 

3  Conclusions 


Figure  4:  Closed  loop  control.  An¬ 
tisymmetric  excitation  at  F/Fmax  — 
1.9%  and  St  =  0.67. 


Linear  stability  analysis  and  experimental  investigation  were  performed  to  iden¬ 
tify  unstable  modes  and  the  ensuing  coherent  structures  in  a  highly  swilling  jet, 
discharged  downstream  of  a  backward  facing  step  into  an  axisymmetric  chamber. 
The  axisymmetric  mode  m  =  0  is  most  unstable  at  St  =  1.0.  The  frequency 
of  the  axisymmetric  instability  observed  in  the  test  rig  is  mainly  determined  by 
the  acoustic  feedback  which  acts  as  a  forcing  mechanism  to  the  flow  instabilities 
is  somewhat  lower  {St  =  0.58).  Changing  the  flow  speed  shows  the  instability 
to  increase  towards  St  =  1.0  .  The  helical  mode,  m  =  —  1,  which  is  opposite 
to  the  swirling  direction,  was  the  dominant  one.  This  mode  corresponded  to  a 
Strouhal  number  of  1.3,  which  was  also  identified  as  the  dominant  instability  in 
the  flow  measurements.  This  instability  causes  the  shear  layer  to  roll-up  into 
vortical  coherent  structures  which  affect  the  jet’s  growth  rate  by  entraining  am¬ 
bient  fluid  and  by  mixing  it  with  the  jet’s  flow.  Therefore,  these  vortices  play 
an  important  role  in  the  combustion  and  heat  release  processes  by  controlling 
the  mixing  between  fuel,  air  and  hot  combustion  products.  Active  contiol  of  the 
flow  and  combustion  instabilities  was  achieved  by  direct  excitation  of  the  shear 
layer  at  the  burner  exit. 
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1  Introduction 

For  a  long  time,  a  cavity  has  been  regarded  as  what  must  be  removed  on  the 
surface  of  a  body  because  it  significantly  increases  drag  and  flow-induced  noise. 
However,  recently  some  experimental  results  showed  that  skin-friction  drag  can 
be  reduced  by  using  a  small-size  cavity  ([1],  [2]),  which  provides  a  possibility  of 
using  a  cavity  as  a  passive  device  for  drag  reduction.  Therefore,  the  objectives  of 
this  study  are  to  understand  the  effect  of  cavity  on  the  turbulence  characteristics 
of  boundary  layer  flow  and  to  investigate  the  possibility  of  reducing  the  skin- 
friction  drag  in  a  turbulent  boundary  layer  using  an  open  cavity. 

2  Computational  Details 

The  large  eddy  simulation  technique  with  Germano  et  al.  [3]’s  dynamic  subgrid- 
scale  model  is  used  for  the  analysis  of  turbulent  boundary  layer  flow  over  a 
cavity.  The  filtered  Navier-Stokes  equations  are  discretized  using  the  second- 
order  accurate  central  difference  in  space.  As  for  time  integration,  a  third- 
order  accurate  Runge-Kutta  method  is  used  for  nonlinear  terms  and  the  Crank- 
Nicolson  method  is  used  for  viscous  terms.  A  fractional  step  method  is  used  to 
split  the  implicit  coupling  between  velocity  and  pressure.  The  Reynolds  number 
is  Re  =  —  1520,  where  Uqo  is  the  free-stream  velocity  and  6  is  the 

momentum  thickness  at  the  backward-facing  corner  of  the  cavity.  Six  different 
cavity  configurations  are  examined:  {D/6,  L/ D)  =  {0.93,  4),  (1.46,  1),  (1.46,  2), 
(1.46,  4),  (3.44,  1)  and  (3.44,  2),  where  D  and  L  are  the  depth  and  length  of  the 
cavity. 
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ici)  (h)  (f) 

Figure  1:  Mean  velocity  vectors  inside  the  cavity  {D/9  =  1.46):  (a)  L/D  =  1; 
(6)  2;  (c)  4. 


3  Results  and  Discussion 

Figure  1  shows  mean  velocity  vectors  inside  the  cavities  with  three  different 
cavity  lengths  {L/D  =  1,  2  and  4)  and  a  fixed  cavity  depth  {D/9  =  1.46).  A 
large  recirculating  vortex  generated  inside  the  cavity  is  clearly  identified  and 
it  becomes  much  stronger  as  the  cavity  length  increases.  This  vortex  plays  an 
important  role  in  the  drag  characteristics  around  a  cavity.  First,  this  vortex 
exists  near  the  forward-facing  wall,  while  the  flow  near  the  backward-facing  wall 
is  very  weak.  Thus,  it  is  expected  that  the  pressure  drag,  caused  by  the  wall 
pressure  difference  between  the  two  cavity  walls,  should  increase  as  the  cavity 
length  increases.  On  the  other  hand,  the  skin  friction  is  negative  at  the  bottom 
of  the  cavity  near  the  forward-facing  wall  due  to  the  reverse  flow  generated  by 
the  recirculating  vortex  and  it  contributes  to  reduction  of  the  friction  drag. 

Figure  2  shows  the  wall-pressure  distributions  along  the  forward-  and  back¬ 
ward-facing  walls  of  the  cavity  in  all  three  cases  presented  in  Figure  1.  As 
mentioned  above,  it  is  observed  that  the  pressure  drag  increases  as  the  cav¬ 
ity  length  increases  because  the  recirculating  vortex  inside  the  cavity  becomes 
stronger  (Figure  1).  Another  reason  for  the  increase  of  pressure  drag  is  related 
to  the  shear  layer  passing  over  the  cavity:  As  the  cavity  length  increases,  the 
shear  layer  obtains  more  momentum  from  the  cavity  and  it  impinges  against 
near  the  forward-facing  corner  much  stronger.  Therefore,  the  wall  pressure  near 
the  forward-facing  corner  is  greatly  increased.  Moreover,  the  pressure  drag  in¬ 
creases  with  increasing  cavity  depth  D/9  (not  shown  here),  because  the  size  of 
the  recirculating  vortex  is  proportional  to  the  cavity  depth. 

Figure  3  shows  the  distribution  of  the  skin-friction  coefficient  around  the 
cavity  in  all  three  cases  presented  in  Figures  1  and  2.  Here,  the  coordinate 
a;  =z  0  denotes  the  location  of  backward-facing  wall  of  the  cavity  and  rapid 
increase  of  the  skin-friction  coefficient  denotes  the  location  of  the  forward-facing 
wall.  At  the  bottom  of  the  cavity,  negative  skin  friction  is  observed  due  to  the 
recirculating  vortex  generated  inside  the  cavity.  As  expected  in  Figure  1,  the 
skin  friction  decreases  further  as  the  cavity  length  increases.  On  the  other  hand, 
the  skin  friction  significantly  increases  behind  the  cavity  due  to  the  impingement 
of  the  shear  layer.  In  cases  oi  L  =  D  and  L  —  2D,  the  skin  friction  recovers  to 
that  of  the  fiat-plate  boundary  layer  at  a  downstream  location  from  the  cavity. 
Therefore,  it  is  expected  that  the  friction  drag  decreases  as  the  cavity  length 
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Figure  2:  Wall  pressure  distribution 
along  the  cavity  walls  in  case  oi  D/O  — 

1.46:  (a)  L/D  =  1;  (fc)  2;  (c)  4.  - , 

for  the  forward-facing  walls; - ,  for 

the  backward-facing  walls. 
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increases.  However,  in  case  of  L  =  4D,  the  skin  friction  behind  the  cavity  shows 
one  more  local  peak  and  does  not  recover  to  that  of  the  fiat  plate  boundary 
layer  even  far  downstream  of  the  cavity.  This  behavior  occurs  in  case  of  L  =  2D 
when  the  cavity  size  is  large  [D/O  =  3.44),  while  it  does  not  even  in  case  of 
L  =  AD  when  the  cavity  size  is  small  (D/^  =  0.93).  The  second  local  peak 
of  C/  is  related  to  the  existence  of  strong  streamwise  vortices.  Figure  4  shows 
the  iso-surfaces  of  streamwise  vorticity  in  case  of  (D/^,  L/D)  =  (1.46,4).  Strong 
streamwise  vortices  are  observed  after  the  mid-plane  of  the  cavity  due  to  complex 
interaction  between  the  shear  layer  and  recirculating  vortex,  resulting  in  the 
significant  increase  of  the  skin  friction. 

One  of  the  most  conspicuous  dynamic  features  of  turbulent  flow  over  a  cavity 
is  the  interaction  between  the  recirculating  vortex  inside  the  cavity  and  the  shear 
layer  over  the  cavity:  a  recirculating  vortex  inside  the  cavity  continually  pushes 
and  pulls  the  shear  layer  over  the  cavity  (Figure  5),  which  causes  the  turbulence 
intensities  above  the  cavity  to  be  larger  than  those  above  the  fiat  plate.  A 
similar  phenomenon  can  be  found  in  the  flow  visualization  of  Djenidi  et  al  [4]. 
Turbulence  intensities  inside  the  recirculating  vortex  also  become  larger  as  the 
cavity  length  increases.  The  pressure  fluctuations  are  maximum  right  below  the 
corner  of  the  forward-facing  wall,  which  is  believed  to  be  the  main  source  of 
flow-induced  noise. 

Total-drag  increase  or  decrease  is  determined  by  the  combination  of  pressure 
drag  and  friction  drag.  About  2%  and  6%  of  drag  reductions  are  achieved  in 
cases  of  {D/9,  L/D)  =  (1.46,  1)  and  (1.46,  2),  respectively.  However,  in  case 
of  {D/9,  L/D)=(1.46,4),  total  drag  increases  due  to  the  increase  of  both  the 
form  drag  inside  the  cavity  and  skin-friction  drag  downstream  of  the  cavity.  In 
case  of  a  deeper  cavity  {D/9  =  3.44),  the  increase  of  pressure  drag  becomes 
dominant  and  total  drag  increases  in  all  cases  (L/D  =  1  and  2).  In  case  of  a 
shallower  cavity  {D/9  =  0.93,  L/D  —  A),  about  9%  of  drag  reduction  is  achieved. 
Two-dimensional  simulations  of  laminar  flow  over  an  open  cavity  at  the  same 
Reynolds  number  were  also  performed  in  this  study.  In  case  of  laminar  flow,  the 


Figure  5:  Time  sequence  of  the  spanwise  vorticity  in  an  (x,2/)  plane  in  case 
of  {D/e,LlD)  =  (1.46,4). 

magnitude  of  pressure  drag  was  much  smaller  than  that  in  turbulent  flow  and 
the  total  drag  decreased  in  all  six  cases. 

4  Conclusions 

•  Total-drag  increase  or  decrease  mainly  depends  on  the  depth  of  the  cavity, 
while  there  exists  a  limitation  of  the  length  of  the  cavity  to  achieve  drag 
reduction. 

•  The  interaction  between  the  vortex  and  the  shear  layer  passing  over  the 
cavity  plays  an  important  role  in  the  changes  in  drag  and  turbulence  char¬ 
acteristics  around  the  cavity. 

This  work  is  supported  by  Creative  Research  Initiatives  of  the  Korean  Ministry 
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1  Introduction 

Many  studies  have  been  made  to  delineate  the  effect  of  uniform  wall  suction 
and  blowing  on  wall-bounded  turbulent  flows.  It  was  found  that  wall  suction 
and  blowing  has  significant  effects  on  mass,  momentum  and  consequently  heat 
transfer  rates  of  turbulent  flows.  However,  most  previous  studies  focused  on  the 
asymptotic  behavior  of  turbulent  flow  with  uniform  suction  and  blowing  both  in 
experiments  and  numerical  simulations  [1,  6]. 

When  wall  suction  and  blowing  is  applied  to  a  turbulent  channel  flow  from 
a  certain  downstream  location,  there  is  an  inUial  relaxation  of  the  flow  from  the 
upstream  impermeable  wall  boundary  condition  to  the  wall  suction  and  blowing 
[5].  As  the  flow  goes  downstream  farther,  the  flow  adjusts  itself  to  its  asymptotic 
state  corresponding  to  the  uniform  suction  and  blowing.  The  main  objective  of 
the  present  study  is  focused  on  the  initial  relaxation  of  turbulent  flow  to  wall 
suction  and  blowing  with  direct  numerical  simulation. 


2  Results  and  Discussion 

In  the  present  paper,  a  direct  numerical  simulation  is  performed  to  investigate 
the  response  of  turbulent  channel  flow  to  sudden  wall  suction  and  blowing.  A 
uniform  blowing  is  applied  at  the  lower  wall  of  the  channel  and  a  suction  at  the 
upper  wall.  Suction  and  blowing  is  applied  for  x  >  5.  The  Reynolds  number 
based  on  the  friction  velocity  at  inlet  Un,,  and  the  channel  half-width  /i,  is  Rej 
=  100.  The  computational  domain  are  set  (25.6x2x4)  with  the  present  grid 
system  (256x97x64)  in  the  x,y,z  directions,  respectively. 
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Figure  1:  Downstream  variations  of  turbulent  stresses,  a)  Cf,  b)  Cp. 


The  numerical  method  used  for  this  study  is  originally  due  to  Yang  &  Ferziger 
[7].  As  inflow  boundary  conditions,  instantaneous  flow  data  from  an  auxiliary 
inflow  simulation  of  a  fully-developed  turbulent  channel  flow  are  used  [2,  3]. 

After  wall  suction  and  blowing  is  applied,  the  pressure  field  as  well  as  the 
skin-friction  coefficient  converges  to  the  asymptotic  state  very  quickly  as  shown 
in  Figure  1.  Time-mean  velocity  field  in  Figure  2  approaches  the  asymptotic 
state  much  faster  than  that  of  turbulent  kinetic  energy  k,  showing  the  quicker 
response  of  the  lower  order  statistics. 

When  the  velocity  profiles  are  plotted  in  terms  of  =  U /ur  and  y'^  =  yurl^ 
based  on  the  local  friction  velocity  Ur  (not  shown  here),  wall  blowing  results  in 
an  upward-shift  of  the  velocity  profile  while  suction  makes  a  downward-shift. 
The  upward-  and  downward-shift  of  the  velocity  profile  are  also  found  in  the 
uniform  wall  suction  and  blowing  [6]. 
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Figure  3:  Downstream  variations  of  turbulent  stresses,  a)  u',  b)  v',  c)  w',  d) 
—uv. 


Figure  3  shows  the  profiles  of  turbulent  stresses  at  several  downstream  loca¬ 
tions.  The  results  are  normalized  based  on  the  friction  velocity  at  inlet, 

The  initial  relaxation  of  each  component  of  Reynolds  stress  is  different  from  each 
other  [4].  u'  component  shows  faster  response  than  other  normal  components 
{x  —  10),  while  the  response  of  v'  and  w'  is  quite  slow. 

3  Concluding  Remarks 

The  initial  relaxation  of  turbulent  channel  flow  to  sudden  wall  suction  and  blow¬ 
ing  was  investigated  with  a  direct  numerical  simulation.  The  response  of  time 
mean  and  fluctuating  velocity  field  shows  various  degrees  of  adjustment.  Each 
component  of  Reynolds  stress  has  a  different  characteristics  from  each  other. 

Support  from  the  UK  EPSRC  under  grant  no.  GR/L56237  is  gratefully 
acknowledged. 
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1  Introduction 

Wall-shear  stress  is  an  essential  quantity  to  compute,  measure  or  infer  in  a  wall 
bounded  turbulent  flow.  The  time  averaged  values  of  this  quantity  are  indicative 
of  the  global  state  of  the  flow  along  a  surface  and  can  be  used  to  determine  for 
instance  body- averaged  properties  like  the  skin-friction.  The  time  resolved  part 
is  a  measure  of  the  unsteady  structures  in  the  flow,  which  are  responsible  for  the 
individual  momentum  transfer  events,  and  an  indicator  of  the  coherent  portion 
of  the  turbulent  activities.  The  latter  signifying  that  spatially  distributed  values 
of  the  instantaneous  wall-shear  stress  may  be  used  in  a  feed-forward  or  feedback 
control-loop  to  effect  coherent  structures  in  the  boundary  layer,  for  instance  in 
drag  reduction  or  separation  delay,  see  e.  g.  Lofdahl  and  Gad-el-Hak  [4]. 


2  The  Thermal  Principle 

One  way  of  determining  the  time  resolved  part  of  the  wall-shear  stress  is  to  use 
the  in-direct  thermal  method.  Through  the  years,  it  has  been  argued  and  shown 
that  conventional  thermal  sensors  suffer  from  large  heat  losses  to  the  substrate, 
yielding  a  larger  active  sensor  area  which  adversely  affects  the  temporal  and 
spatial  response  of  the  probe.  A  knowledge  and  control  of  these  issues  is  of 
utmost  importance  in  measurements  of  the  time  resolved  wall-shear  stress. 

The  thermal  principle  in  context  is  shown  in  Figure  1.  The  ohmic  (Joule) 
heating  in  the  device  Qj  is  transferred  both  to  the  fluid  and  to  the  surrounding 
substrate,  which  can  be  expressed: 

Qj  =  Q/  +  Qs  (1) 


113 


114 


P.  Johansson,  L.  Lofdahl,  A.  Bakchinov,  M.  Sen  and  M.  Gad-e  ... 


Figure  1:  Schematic  of  a  thermal  sensor. 


where  Qf  represents  the  heat  transferred  to  the  fluid  directly  from  the  heated 
surface  (Q/J  and  indirectly  through  the  heated  portion  of  the  substrate  (Qf.,)- 
Qs  represents  the  heat  lost  irretrievably  to  the  substrate. 

Fi-om  en  experimental  perspective,  it  is  not  possible  to  measure  Q/i.  Instead, 
the  total  heating  power  Qj  is  measured,  and  a  calibration  curve  is  then  fitted 
to  the  measured  points.  The  calibration  function  has  traditionally  been  on  the 
form: 

Qj  =  Ar'/'*  +  B  (2) 

where  A  is  directly  related  to  the  heat  convected  from  the  hot-film  to  the  fluid, 
Qf\.  The  calibration  constant  B  represents  the  heat  loss  to  the  substrate,  e.g. 
the  part  associated  to  Qs-  To  account  for  situations  where  Qf2  is  important,  n 
is  also  treated  like  a  calibration  constant.  (For  a  laminar  flow  over  an  adiabatic 
wall,  n  =  1/3.  See  e.  g.  Lofdahl  and  Gad-el-Hak  [4].) 

Noteworthy  here  is  that  Eq.  2  does  not  stand  on  a  solid  theoretical  ground. 
The  assumption  that  the  heat  conduction  to  the  substrate  is  independent  of  the 
flow  velocity  (and  totally  represented  by  a  constant,  B)  is  highly  questionable, 
especially  if  B  is  large. 

3  MEMS-based  sensors  and  experiments 

MEMS(Micro-Electro-Mechanica}  Systems) -based  thermal  sensors  reveal  some 
interesting  properties,  which  put  them  in  a  group  of  utmost  interest,  both  for 
measuring  fluctuating  flow  quantities  and  for  detecting  coherent  structures  in 
reactive  control  purposes.  The  MEMS  technology  makes  it  feasible  to  fabricate 
miniature  sensors  in  such  a  small  scale  that  even  high  wave-number-range  eddies 
in  technically  interesting  turbulent  flows  can  be  resolved.  The  significant  bene¬ 
fits  of  MEMS  are  the  possibility  to  operate  sensors  at  low  overheat  temperatures 
and  improved  methods  for  insulation  of  the  heated  sensing  parts.  Other  general 
features  of  the  MEMS  technology  are  the  possibilities  to  fabricate  closely  spaced 
multi-sensor  probes  integrated  on  one  chip,  high  accuracy  in  the  manufactur¬ 
ing  process,  and  once  the  design  and  fabrication  method  has  been  developed, 
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Figure  2:  a)  Schematic  and  b)  measured  heating  of  the  Kalvesten  et  al.  [2] 
MEMS-sensor. 


production  of  sensors  in  a  large  quantity  at  a  low  cost.  Since  the  mid-nineties, 
MEMS-based  wall-shear-stress  sensors  have  been  presented,  e.  g.  Kalvesten  et 
al.  [2],  Jiang  et  al.  [1]  and  Liu  et  al.  [3]. 

A  schematic  drawing  of  a  MEMS-based  wall-shear  stress  sensor  by  Kalvesten 
et  al.  [2]  is  shown  in  Fig.  2a.  Instead  of  using  a  bridge  balance,  the  operation 
relies  on  a  voltage  difference  between  two  temperature  sensitive  diodes.  The  chip 
is  divided  into  a  hot  and  a  cold  part,  thermally  separated  through  polyimide  filled 
trenches.  On  the  hot  part,  a  heating  resistor  is  located  together  with  a  diode 
which  monitor  the  temperature.  To  measure  the  ambient  temperature,  another 
diode  is  placed  on  the  cold  part.  The  overheat  temperature  is  then  controlled 
to  force  the  voltage  difference  between  the  diodes  to  remain  constant. 

Jiang  et  al.  [1]  have  developed  an  array  of  wall-shear  stress  sensors  based 
on  the  thermal  principle.  It  consists  of  polysilicon  resistor  wire  located  on  a 
diaphragm.  Below  the  diaphragm  is  vacuum  cavity  so  that  the  device  will  have  a 
reduced  heat  conduction  loss  to  the  substrate.  Recently,  Liu  et  al.  [3]  presented  a 
further  development  of  the  Jiang  et  al.  [1]  sensor,  also  with  a  diaphragm  located 
on  top  of  a  vacuum-sealed  cavity.  The  major  advantage  of  both  the  Jiang  et 
al.  [1]  and  the  Liu  et  al.  [3]  sensors  is  claimed  to  be  the  good  insulation  from  the 
surrounding  substrate,  and  thereby  a  minimization  of  the  heat  conduction. 

The  principle  of  operation  of  the  Kalvesten  et  al.  [2]  sensor  made  an  inves¬ 
tigation  of  the  surface  temperature  distribution  possible  by  feeding  the  heating 
resistor  independently  of  the  diodes.  The  temperatures  of  the  reference  and 
measuring  diode,  respectively,  were  then  measured.  In  Fig.  2b,  the  result  of 
such  a  measurement  at  different  free-stream  velocities  is  shown. 

As  the  temperature  of  the  measuring  diode  increases,  there  is  also  a  significant 
temperature  raise  of  the  reference  diode.  Due  to  effects  of  heat  convection  to 
the  flow,  the  heating  of  the  reference  diode  shows  a  velocity  dependence.  Hence, 
a  substantial  amount  of  heat  is  conducted  through  the  metal  conductors  and 
the  substrate  out  to  the  whole  chip  resulting  in  an  increased  heated  area.  For 
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measurements  of  the  time  averaged  part  of  the  wall-shear  stress  this  may  not 
be  considered  as  a  serious  effect,  since  the  whole  chip  operates  more  or  less 
like  a  hot-film  and  the  voltage  difference  between  the  two  diodes  is  some  kind 
of  measure  of  the  supplied  energy.  However,  for  the  time-resolved  part  of  the 
wall-shear  stress  it  is  devastating,  since  the  heated  area  is  totally  uncontrolled. 

The  effect  of  heat  loss  to  the  substrate  can  be  further  examined  by  studying 
the  static  calibration  coefficients  in  Eq.  (2).  Typical  values  for  the  sensors  by 
Kffivesten  et  al.  [2]  are  ^  =  1.09,  P  =  42.6  and  n  =  2.0.  For  the  sensors  made 
by  Liu  et  al.  [3],  the  reported  values  are  A  =  0.5698,  B  =  42.593  for  n  =  3. 

These  expressions  are  surprisingly  similar,  since  the  probes  are  differently 
designed.  From  these  curve  fits,  it  is  obvious  that  the  heat  conduction  effects 
are  severe  since  B  is  one  order  of  magnitude  larger  then  A.  This  clearly  implies 
that  the  reduction  in  heat  conduction  achieved  by  insulating  polyimide  ditches 
or  vacuum  cavities  have  a  very  small  effect. 


4  Concluding  Remarks 

Using  MEMS-based  sensors  for  wall-shear  stress  measurements  have  been  con¬ 
sidered  as  a  possibility  to  circumvent  some  classical  problems  associated  with 
hot-films.  By  examining  the  performance  of  such  a  MEMS-sensor,  which  is 
based  on  the  detection  of  the  voltage  difference  between  two  temperature  diodes 
and  has  a  good  thermal  insulation  between  the  heated  and  cooled  part  of  the 
chip,  the  following  conclusions  may  be  drawn.  For  this  particular  sensor,  the 
problem  of  enlarged  area  of  the  heated  part  of  the  chip  has  not  been  solved, 
since  most  of  the  energy  supplied  is  still  conducted  to  the  substrate.  Neither 
polyimide  insulation’s  or  vacuum  cavities  underneath  the  heated  part  seem  to 
have  any  significant  influence  on  the  minimization  of  the  heat  conduction  to  the 
substrate. 
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Abstract 

New  methods  for  the  laminarization  of  the  boundary  layer  flow  on 
swept  wings  are  offered.  The  laminar-turbulent  transition  is  assumed  to  be 
due  to  acoustic  influence  and  random  roughness  of  wing  surface.  The  basis 
for  the  methods  is  in  mutual  cancellation  of  unstable  eigenmodes  excited 
in  the  vicinity  of  the  leading  edge  of  the  wing  and  over  the  boundary-layer 
flow  irregularity  generated  by  the  artificial  spanwise-periodic  roughness  or 
the  selective  suction. 


1  Introduction 

The  first  stage  of  laminar-turbulent  transition  consists  in  transformation  of  ex¬ 
ternal  disturbances  into  spatially  growing  unstable  eigenmodes.  This  process  is 
referred  to  as  the  boundary-layer  receptivity.  The  most  important  factors  re¬ 
sulting  in  unstable  mode  generation  are  free-stream  disturbances  and  roughness 
of  wing  surface.  Once  generated,  unstable  modes  undergo  linear  amplification 
and  nonlinear  interactions  and  then  destroy  the  laminar  flow. 

Two  main  types  of  methods  for  the  attenuation  of  unstable  oscillations  exist. 
The  first  type  contains  methods  based  on  stabilization  of  the  boundary-layer 
mean  flow.  Classical  example  of  these  methods  is  distributed  suction.  The 
second  type  of  methods,  first  proposed  by  Milling  [1],  applies  the  principle  of 
Tollmien-Schlichting  (TS)  wave  cancellation  by  means  of  the  formation  of  arti¬ 
ficial  wave  with  the  same  frequency  and  amplitude  but  opposite  phase. 

This  paper  is  devoted  to  theoretical  investigation  of  the  laminarization  of  low- 
speed  3D  boundary  layer  using  receptivity  control.  It  is  shown  that  both  acoustic 
TS  wave  and  crossflow  instability  vortices  generated  by  random  roughness  can 
be  canceled  by  the  artificial  spanwise-periodic  irregularity. 
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2  Cancellation  of  acoustic  TS  wave  over  2D  ir¬ 
regularity 

The  basic  advantage  of  laminarization  method  using  2D  vibrating  part  of  wing 
surface  [1]  is  its  versatility.  Whatever  is  the  cause  of  TS  wave  excitation,  this 
wave  may  be  canceled  by  the  above  method.  However,  the  grave  drawback  of 
this  method  is  the  need  to  use  the  control  system  for  unsteady  generator  of 
artificial  TS  wave.  To  overcome  this  disadvantage  for  the  case  of  unstable  wave 
generated  by  sound,  the  usage  of  2D  roughness  under  the  same  acoustic  field  as 
the  generator  of  the  ’’artificial”  unstable  wave  was  offered  in  [2].  The  amplitude 
and  the  phase  of  artificial  TS  wave  can  be  controlled  by  means  of  varying  of  the 
height  and  the  location  of  the  roughness.  Being  excited  by  the  same  acoustic 
wave,  the  natural  TS  wave  and  artificial  one  are  synchronized  automatically. 

In  this  paper  two  types  of  artificial  irregularities  are  considered,  namely 
roughness  and  local  suction.  The  processes  of  cancellation  of  acoustic  TS  wave 
over  these  two  irregularities  are  illustrated  in  Figures  1  and  2  respectively  (the 
main  flow  is  Blasius  boundary  layer  Ux(oo)  =  1;  Reynolds  number  R  =  500 
and  sound  frequency  lu  =  0.05  are  calculated  using  boundary-layer  thickness; 
the  real  and  imaginary  parts  of  complex  amplitude  r  of  wall  shear  stress  dis¬ 
turbance  describing  the  cancellation  process  dv.jjdy  =  T(a:)exp(— z’cai)  -1-  c.c.  are 
shown  by  solid  and  dashed  lines  correspondingly).  The  outlined  results  show 
that  the  disturbance  really  presents  the  incoming  TS  wave  in  upstream  region 
T  ~  exp(7;a7\9.T),  ars  =  0.140  -  iO.OOS,  with  the  location  of  the  most  intensive 
flow  oscillations  corresponding  to  the  middle  of  controlling  inhomogeneity.  The 
amount  of  the  disturbance  is  quickly  damped  downstream  from  the  irregularity. 
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Figure  1:  Cancellation  of  Tollmien-Schlichting  wave  over  2D  roughness  in  mono¬ 
harmonic  acoustic  field 
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Figure  2:  Cancellation  of  acoustic  Tollmien-Schlichting  wave  by  2D  suction 
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3  Cancellation  of  crossflow  instability  vortices 
by  spanwise-periodic  inhomogeneity 

Up  to  this  point  the  methods  of  for  TS  wave  cancellation  have  been  considered. 
These  methods  are  applicable  for  laminarization  of  boundary  layer  on  a  wing 
of  small  sweep  angle.  Except  TS  instability,  in  3D  boundary  layer  a  crossflow 
instability  occurs.  The  importance  of  the  last  type  of  instability  in  laminar- 
turbulent  transition  increases  with  increase  of  the  sweep  angle.  One  of  the  main 
cause  of  crossflow  instability  vortex  generation  is  roughness  of  wing  surface. 
The  initial  amplitude  of  these  vortices  may  be  large  even  in  the  case  of  random 
roughness  with  small  height  because  the  steady  eigenmodes  are  excited  via  a 
direct  scattering  of  main  flow  by  surface  roughness.  Thus,  random  roughness 
leads  to  formation  of  system  of  crossflow  instability  vortices.  This  system  of 
natural  origin  can  be  canceled  by  spanwise-periodic  artificial  roughness  of  the 
same  span  wise  period.  The  cancellation  condition  may  be  achieved  by  special 
choice  of  height  and  spanwise  phase  of  the  roughness  [3]. 

The  process  of  cancellation  of  crossflow  instability  vortices  over  artificial  sinu¬ 
soidal  roughness  is  illustrated  in  Figure  3  (the  main  flow  is  boundary  layer  in  the 
vicinity  of  attachment  line  of  swept  wing  Ux{oo)  =  ^^(oo)  =  1;  Reynolds  number 
R  =  400  and  spanwise  wavenumber  7  =  0.8  are  calculated  using  boundary-layer 
thickness;  the  real  and  imaginary  parts  of  complex  amplitude  P  of  pressure  dis¬ 
turbance  on  the  wall  p  =  P{x)exp{i^z)  +  c.c.  are  shown  by  solid  and  dashed  lines 
respectively) .  In  upstream  region  one  can  see  the  incoming  crossflow  instability 
mode  P  ~  exp{iacfx),  acj  =  -0.658  -  z0.008.  The  amount  of  the  disturbance 
is  quickly  damped  downstream  from  the  roughness. 


Figure  3:  Cancellation  of  crossflow  instability  vortices  by  spanwise-periodic 
roughness 

Note  that  the  level  of  the  disturbance  over  the  roughness  is  200  times  greater 
than  the  amplitude  of  the  incoming  crossflow  instability  vortices.  This  may  lead 
to  by-pass  transition  immediately  over  the  roughness  if  the  amplitude  of  the 
canceled  vortices  is  large  enough.  To  avoid  this  problem,  one  can  use  another 
type  of  spanwise-periodic  irregularity  generated  by  distributed  suction-blowing. 
In  this  case  the  amplitude  of  disturbance  over  the  controlling  irregularity  is  30 
times  less  than  in  the  above  case  (see  Figure  4). 

Up  to  now  the  problems  of  suppression  of  TS  waves  and  crossflow  instability 
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Figure  4:  Cancellation  of  crossflow  instabilities  by  sinusoidal  suction-blowing 


vortices  were  considered  separately.  Nevertheless,  these  unstable  modes  can  be 
canceled  by  unique  artificial  inhomogeneity,  which  is  local  in  longitudinal  direc¬ 
tion  and  periodic  in  spanwise  direction.  Zeroth  Fourier  harmonic  of  spanwise 
modulation  should  be  tuned  for  cancellation  of  TS  wave  generated  by  sound  on 
natural  inhomogeneity  of  boundary  layer  in  the  vicinity  of  leading  edge.  First 
harmonic  is  used  for  suppression  of  crossflow  instability  vortices  generated  by 
’’natural”  roughness  of  wing  surface. 

Note  that  application  of  spanwise-periodic  suction  for  formation  of  the  con¬ 
trolling  inhomogeneity  is  preferable.  In  contrast  to  the  case  of  the  sinusoidal 
suction-blowing,  Fourier  decomposition  of  spanwise-periodic  suction  contains 
both  zeroth  and  first  harmonics,  which  can  be  tuned  for  cancellation  of  TS 
wave  and  crossflow  instability,  respectively.  In  addition  to  the  reduction  of  the 
disturbance  amplitude  immediately  over  the  region  of  the  controlling  influence, 
the  suction  makes  the  overall  stabilizing  effect  on  boundary-layer  flow.  The 
last  method  of  the  receptivity  reduction  can  be  applied  as  modification  of  the 
classical  method  of  boundary-layer  laminarization  by  suction. 

Finally  note  that  the  suppression  of  crossflow  instability  mode  by  selective 
suction  observed  in  experiment  [4]  can  be  explained  using  the  superposition 
principle  described  here. 
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The  review  of  our  last  results  with  respect  to  the  experimental  study 
on  control  of  secondary  instability  of  the  streaky  structure  (puffs) 
and  crossflow  vortices  is  presented  here.  Stationary  (Gdrtler-like  and 
crossflow)  and  nonstationary  (puffs,  lambda- structures  and  etc.)  vor¬ 
tices  and  were  generated  into  the  flat  plate  and  swept  wing  boundary 
layer.  The  transition  was  initiated  by  the  growth  of  small  amplitude 
traveling  waves  (secondary  disturbances)  generated  in  these  bound¬ 
ary  layers  by  means  of  different  methods  (sound,  localized  suction¬ 
blowing  and  etc.).  It  is  shown,  that  the  riblets,  localized  and  continu¬ 
ous  suction,  and  spanwise-wall  oscillation  are  effectively  methods  by 
control  of  development  of  the  stationary  and  nonstationary  vortices 
and  traveling  waves  developed  on  their.  The  use  of  different  pas¬ 
sive  and  active  control  techniques  and  experimental  results  on  swept 
wing  transition  control  indicate  some  possible  schemes  of  the  MEMS 
actuators  as  well  as  place  and  time  of  their  application.  Coherent 
structures  of  laminar  sublayer  of  the  turbulent  boundary  layer  are 
similar  with  the  vortex  structures  of  a  transitional  boundary  layer 
and,  hence,  the  methods  of  control  by  them  presented  here  may  be 
used  also  for  this  case. 

It  is  good  known,  a  favorable  influence  on  drag  reduction  in  a  turbulent 
boundary  layer  of  the  different  devices  such  as  riblets  [1]  and  spanwise-wall  os¬ 
cillation  [2].  One  possible  explanation  of  drag  reduction,  for  example  by  riblets, 
is  due  to  changes  in  the  near-wall  coherent  structures.  The  coherent  structures 
of  the  turbulent  boundary  later  seem  similar  to  the  vortex  structures  that  ap¬ 
pear  at  laminar-  turbulent  transition.  The  laminar  boundary  layer  investigations 
showed,  that  the  surface  manipulation  in  the  form  of  triangular  riblets  allows  one 
to  suppress  the  intensity  streamwise  vortices,  the  same  as  in  a  case  longitudinal 
lambda- vortices  which  appear  at  nonlinear  stage  of  Blasius  boundary  layer  tran¬ 
sition,  and  thereby  stabilize  them  with  respect  to  the  high-frequency  traveling 
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2  without riblets 


Figure  1:  Riblets  effect  on  the  distur-  Figure  2:  Riblets  effect  on  the  nonsta- 
bances  development  in  flow  with  cross-  tionary  streaky  structure  {Puff)  in  a  flat 
flow  vortices.  plate  boundary  layer. 

waves  and  delay  the  transition  to  turbulence.  The  effect  was  definitely  observed 
for  the  lambda- vortices  [3],  wake  behind  an  isolated  roughness  element  [4]  as 
well  as  for  the  element  arrays  [5].  According  to  the  hot-wire  measurements,  this 
large  influence  is  related  to  changes  in  the  pattern  formation  and  inner  vortex 
structures.  The  studies  described  below  were  carried  out  with  the  intention  to 
look  at  the  riblets  effect  on  transition  in  flows  with  the  stationary  {crossflow)  vor¬ 
tices  and  nonstationary  vortices  {puffs).  Other  methods  of  the  transition  control 
for  these  flows  were  also  considered  and,  on  the  basis  of  these  researches,  at¬ 
tempt  to  consider  an  opportunity  of  application  for  transition  control  of  modern 
technologies  (MEMS  control  system)  was  made. 

An  isolated  and  arrays  of  stationary  crossflow-like  vortices  were  generated 
by  means  of  specially  designed  vortex  generators  in  a  swept  wing  boundary 
layer.  Growing  waves  were  introduced  in  the  vortices  by  sound  and  through 
excitation  from  a  small  hole  in  the  wing  surface.  It  was  shown  that  waves 
modes  excited  through  the  hole  and  by  sound  are  similar,  having  the  close  cross- 
section  amplitude  distributions  and  amplification  rates.  Devices  such  as  riblets 
may  be  placed  in  the  boundary  layer  in  a  attempt  to  suppress  the  formation  or 
interaction  of  organized  flow  structures.  It  was  found  that  triangular'  riblets  (see 
[3,  4,  5])  located  along  the  laminar  vortex  reduce  its  intensity  that  in  its  turn 
prolong  the  laminar  flow  [6]  (see  Fig.l.). 

Intensity  decreasing  of  the  streaky  structure  {puff  up  to  sixty  percent  by 
means  of  the  same  riblets  was  obtained  in  a  flat  plate  boundary  la^'^er  experiment 
(see  Fig.2.).  In  this  case,  the  transwerse  velocity  gradient  {du/dz)  decreased  and 
it  resulted  in  delay  of  the  secondary  high-frequency  disturbances  development. 
Probability  of  the  turbulent  spot  origination  due  to  this  reason  reduced  or  it  at 
all  occurred  absolutely. 

Some  conclusions  are  derived  concerning  optimal  riblet  position  and  their 
geometric  parameters.  The  possibility  to  use  such  experiments  for  modelling 
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Figure  3:  Comparison  of  the  oscilla¬ 
tions  distributions  for  the  few  crossflow 
vortices  both  without  (a)  and  with  (b) 
localized  suction. 


Figure  4:  Spanwise  wall  oscillation  ef¬ 
fect  on  the  disturbance  development 
in  the  boundary  layer  modulated  by 
streaky-structures  (Puffs). 


effects  of  miniature  actuators  of  a  MEMS  control  system  at  larger  spatial  scales  is 
discussed.  Based  on  our  experimental  results  [6]  it  is  shown  in  some  details  where 
and  how  small-size  suction  devices  could  be  applied  for  the  localized  control  at 
an  early  stage  of  transition  in  a  3D  boundary  layer.  Namely,  in  a  specific  case, 
the  transition  in  a  swept-wing  boundary  layer  occurs  through  the  development 
of  wave  packets  localized  inside  strong  streamwise  vortices  excited  behind  quite 
large  obstacles  of  different  forms.  Traveling  3D  waves  constituting  the  packets 
having  a  linear  amplification  range  could  be  directly  and  effectively  suppressed 
by  the  waves  of  a  similar  amplitude,  but  the  opposite  phase  excited  with  a 
low-intensity  suction-blowing,  provided  that  the  operating  orifice  is  located  in  a 
certain  position  in  respect  to  the  vortex  cross-section  (see  Fig. 3.). 

Moreover,  an  indirect  wave  suppression  could  be  achieved  by  a  continuous 
suction  through  its  stabilizing  effect  on  the  vortex  stability  characteristics.  The 
last  experiments  [7]  (see  Fig.4.)  demonstrated  also  that  spanwise-wall  oscillation 
suppressed  both  the  intensity  of  longitudinal  structures  such  as  nonstationary 
vortices  (puffs)  and  high-frequency  wave  packets  developed  on  their. 

Thus,  it  is  shown  that  the  riblets,  localized  and  continuous  suction,  and  the 
spanwise-wall  oscillation  significantly  reduce  the  stationary  and  nonstationary 
vortices  intensity,  which  is  accompanied  by  inhibition  of  the  amplification  of 
natural  and  forced  disturbances,  leading  to  prolongation  of  the  laminar  regime. 
The  use  of  different  passive  (e.g.,  riblets),  quasi-passive  (e.g.  riblets  which  adapts 
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their  forms  and  sizes  only  with  considerable  general  changes  in  the  flow),  and 
active  (e.g.,  localized  suction)  control  techniques  and  experimental  results  on 
swept  wing  and  flat  plate  transition  control  indicate  some  possible  schemes  of  the 
MEMS  actuators  as  well  as  place  and  time  of  their  application.  Some  estimations 
are  given  showing  the  possibility  to  transfer  the  data  of  the  laboratory  test  to 
the  sub-millimeter  range. 

The  study  was  supported  by  the  Russian  Basic  Sciences  Foundation  (96-15- 
96310  and  99-01-00591). 
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1  Overview 

Since  the  pioneering  work  of  Threlfall  [1]  on  the  Rayleigh-Benard  convection, 
gaseous  Helium  progressively  became  a  classical  fluid  for  turbulence  studies.  Its 
main  interests  are: 

i)  Large  control  parameters  (Rayleigh,  Reynolds  numbers)  within  small,  lab¬ 
oratory  sized,  set  ups. 

ii)  Decades  of  variation  of  these  control  parameters  at  constant  geometry. 

iii)  Small  characteristic  times,  allowing  large  statistics  for  measurements. 

These  points,  indeed,  could  be  common  to  all  gases,  but  the  advantage  of 

Helium  is  the  accessibility  of  its  critical  point  (0.22MPa,  5.2K).  Close  to  the 
critical  point,  every  fluid  reaches  the  smallest  values  of  its  diffusivity  constants, 
the  heat  diffusivity  k  or  the  kinematic  viscosity  i/.  But  the  critical  pressure 
of  ordinary  gases  is  rather  large.  Large  pressure  conditions  can  be  at  least  as 
difflcult  to  manage  as  the  now  standard  Helium  temperatures.  As  it  will  be  seen 
later,  low  temperature  can  also  be  an  advantage  for  measurements. 

Let  us  take  a  few  examples.  For  a  cylindrical  cell,  20cm  high  for  10cm  in 
diameter,  with  acetone  as  working  fluid,  Rayleigh  numbers  up  to  Ra  =  4.10^® 
can  be  reached  [2].  Within  the  same  dimensions,  and  the  same  Prandtl  number 
(Pr  ~  ^  =  4)  we  [3]  could  reach  Ra  >  10^^  X.Z.  Wu  et  al.  [4]  could  obtain 
Ra  =  lO^"^  with  a  double  sized  cell  (40cm  high  for  20cm  in  diameter).  We 
could  get  also  Ra  =  2.10^^^  closer  to  the  critical  point,  for  larger  Pr.  For  the 
same  conditions  and  a  Im  high  cell,  Niemela  et  al.  [5]  recently  get  Ra  =  10^^, 
characteristic  of  atmospheric  Rayleigh  numbers.  With  the  same  dimensions  one 
could  only  reach  Ra  =  10^^  with  water. 

The  same  is  true  for  Reynolds  numbers.  A  laboratory  jet  in  air  can  reach 
a  Taylor  scale  based  Reynolds  number  Rx  =  800  with  a  typical  nozzle  of  10cm 
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and  a  40m/s  velocity  tor  the  air  [6].  We  [7]  could  reach  Rx  =  1200  in  a  g^eous 
helium  jet,  with  a  2mm  nozzle.  Tabeling  et  al.  [8]  could  reach  a  Rx 
than  2500  with  a  Von  Karman  flow,  the  same  Rx  as  obtained  in  the  Modane  [9] 
tunnel  flow,  24m  in  diameter.  Presently,  in  collaboration  with  the  CERN,  we 
develop  a  Helium  jet  experiment  which  should  reach  Rx  =  5500. 

Small  characteristic  times  directly  come  from  the  small  dimensions.  For 
instance,  in  the  Rayleigh-Benard  turbulent  convection,  velocity  U  is  of  the  order 
of  the  “  free  fall  ”  value  with  the  renormalised  acceleration  gaA  (a  being  the 
isobar  thermal  dilatation,  A  the  temperature  difference  between  plates).  Thus 
the  characteristic  times  goes  like: 


A  -  r-A-V/2 
U  ^gaA  (paA)2/^ 


1/6 


with  Ra  =  Pr  =  ^  and  h  is  the  height  of  the  cell.  For  the  same  Ra  and 

Pr  condition^  the  kinematic  viscosity  of  Helium  gas  can  be  20  times  smaller 
than  the  water  one,  and  aA,  10  times  bigger.  This  gives  a  factor  13  in  the 

characteristic  times.  ...  u •  ^ 

Obviously,  there  are  drawbacks.  Short  characteristic  times  also  means  ig 
frequencies,  which  is  not  really  a  problem  with  low  temperatures,  since  specific 
heat  of  solid  materials  is  typically  more  than  10^  times  smaller  than  at  room 
temperature.  This  is  not  true  for  Helium  itself,  however,  and  the  specific  heat 
of  the  boundary  layer  around  probes  can  play  an  important  role  [10]. 

Small  dimensions  are  a  more  serious  problem.  In  a  turbulence  experiment 
(jet  for  instance),  the  Kolmogorov  length  goes  like: 


1/  0/4  vRe}-!^ 

ri  =  ^ReReT^!^  = - Tr~ 

'  U  c  Ma 

where  c  is  the  velocity  of  sound  and  Ma  the  Mach  number.  In  the  same  con¬ 
ditions  of  Re  and  Ma,  the  dissipation  length  g  can  be  10^  smaller  in  Helium 
than  in  air.  The  typical  value  0.1mm  which  is  obtained  in  classical  experiments 
becomes  Ifim  for  cryogenic  ones.  Adapting  probes  is  not  obvious.  In  particular, 
it  completely  rules  out  Laser  Doppler  Anemometry,  at  least  with  visible  light. 
The  classical  hot  wire  is  less  limited.  This  will  be  discussed  in  the  following 
section. 


2  A  jet  experiment 

2.1  Experimental  details 

The  experimental  set  up  has  been  described  elsewhere  [7].  In  this  talk  we 
concentrate  on  peculiar  aspects  as  the  structure  of  the  probes,  their  calibration, 
or  the  correction  of  spurious  effects  due  to  the  noise. 
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The  sensitive  part  of  the  probe  is  a  AuGe  alloy  layer  sputtered  on  a  glass 
fiber  and  annealed  up  to  close  to  its  metal-insulator  transition.  It  is  bypassed  by 
a  Au  layer  except  on  a  very  small  length  in  the  middle  of  the  fiber.  In  the  present 
experiment  the  fiber  is  1.5/Lim  in  diameter  and  the  AuGe  spot  in  the  middle  is 
0.5/zm  long.  The  resistivity  of  the  AuGe  alloy  is  temperature  dependent  with: 


RdT 


-0.45 


and  gives  typically  200n  at  15K  as  the  resistance  of  the  probe.  A  higher  sensi¬ 
tivity  (larger  cr)  would  give  too  high  a  resistance  for  the  probe. 

The  difficulty,  which  prevents  using  the  modern  microfabrication  processes, 
lies  in  the  frame  on  which  the  probe  is  fixed.  It  must  be  widely  opened  to  avoid 
perturbing  the  flow  and  this  is  what  modern  technics  cannot  yet  make. 

The  probe  is  operated  at  constant  resistance  (constant  temperature)  and 
the  measurement  is  the  Joule  heating  power  necessary  to  maintain  this  probe 
temperature  in  the  flow.  For  these  very  short  wires,  cooling  occurs  through  the 
wire  itself.  Heat  expands  along  the  wire  on  a  typical  length  that  depends  on 
the  coupling  to  the  gas  through  the  boundary  layer,  thus  on  the  velocity.  The 
usual  King’s  law  is  thus  not  verified.  Also  [11],  the  probe  is  sensitive  to  all 
components  of  the  velocity,  not  only  those  perpendicular  to  the  wire. 

Calibration  can  be  made  as  usual,  positioning  the  probe  in  the  potential  cone 
of  the  jet,  or  through  the  average  velocity  at  the  operating  point,  according  to 
what  is  usually  found  in  litterature  on  jets.  We  can  also  go  further  and  remark 
that  the  distribution  of  velocities  is  well  known  through  this  litterature,  and  close 
to  a  Gaussian  one  [6].  The  calibration  can  be  obtained  from  this  knowledge:  if 
the  instantaneous  signal  is  such  that,  say,  10%  of  the  recorded  points  are  lower, 
the  corresponding  velocity  is  the  one  for  which  10%  of  the  model  Gaussian 
distribution  is  lower.  This  method  gives  an  accurate  calibration,  which  can  be 
checked  by  comparison  with  the  other  records,  at  different  Reynolds  numbers.  It 
limits  the  problems  due  to  aging  of  the  probe,  which  are  well  known  in  classical, 
room  temperature,  experiments. 

Let  us  now  say  a  few  words  about  noise.  As  the  noise  is  a  priori  uncorrelated 
with  the  physical  signal,  we  can  correct  statistical  quantities,  such  as  structure 
functions,  from  it.  If  the  noise  b  can  be  considered  as  small  compared  to  the 
velocity  difference  Sv,  then: 


((<5.;  +  W)  =  {{Svf}  +  ((56)") 

as  {Sb)  =  0  and  ()  stands  for  ensemble  average.  Non  integer  p  are  possible  only 
using  absolute  value  moments.  Then  a  formula  such  as: 

=  (|5^  +  561'’)  -  ((56)")  (|5«  +  56]'’-") 

is  valid  only  for  even  integer  p,  but  gives  an  interpolation  formula  for  all  p. 


128 


B.  Castaing,  B.  Chabaud,  B.  Hebral  ,  X.  Chavanne,  0.  C  ... 


Now,  the  noise  can  be  recorded  independently  as  a  signal  noise  n,  not  di¬ 
rectly  related  to  the  velocity  noise  b.  If  v(s)  is  our  calibration  function,  we  can 
approximate:  t;(5  +  tt)  =  i;(s)  n{dvlds)  =  v{s)  -t-  b. 

Thus,  using  the  noise  record  and  our  velocity  file,  we  can  construct  for  each 
point  a  model  noise:  b  =  n{dvlds)  whose  statistical  characteristics,  in  particular 
the  second  moment  of  differences  should  be  identical  to  the  real  noise 

which  affects  our  file  [12]. 


2.2  Stretching  of  the  cascade 

Let  us  now  concentrate  on  an  effect  showing  the  interest  in  accessing  to  a  wide 
range  of  Reynolds  numbers.  Turbulent  flows  present  velocity  intermittency.  It 
can  be  defined  as  the  progressive  change  of  shape  of  the  probability  density 
function  of  velocity  differences  at  distance  r,  as  r  goes  from  the  correlation 
length  L  down  to  the  dissipation  length  7/.  In  the  multiplicative  cascade  models 
of  intermittency,  velocity  differences  at  distance  v  appear  as  those  at  distance  L 
multiplied  by  a  factor  tv  [9].  The  statistics  of  these  factors  can  be  expeiimentally 
approached  through  the  moments: 


<  >,-= 


<  \Svy‘  >r 

<  >L 


These  moments  fit  as  power  law  of  each  other:  this  is  the  Extended  Self  Similarity 
[13].  As  <  >  is  also  the  characteristic  function  of  the  distribution  of  Ina: 


<  >=<  exp(plna)  >=  exp[Cip^  C'2(p'^/2!)  +  ...] 


a  fine  check  of  ESS  can  be  obtained  by  looking  at  the  proportionality  between 
cumulants  Ci.  It  is  generally  found  that  C3  is  very  small,  so  C2,  which  is  the 
mean  squared  deviation  of  Ina,  can  be  reliably  estimated  through  the  flatness. 


<  {6v)^  > 

<  {6vy^ 


3exp{4.C2) 


The  physical  multiplicative  cascade  picture  has  consequences  on  the  behaviour 
of  C2  versus  r.  The  cascade  should  stop  and  the  signal  should  become  smooth 
when  the  local  Reynolds  number  crosses  a  critical  value  close  to  1.  Large  a 
regions  should  become  smooth  for  smaller  scales  than  small  a  ones.  Above 
this  dissipation  threshold,  in  the  inertial  range,  a  roughly  goes  as  Under 

the  threshold,  a  goes  like  r.  This  change  of  “velocity”  dlna/dlnr  occurs  first  for 
small  a,  then  for  large  ones,  and  thus  stretches  the  distribution  of  hia,  increasing 
its  width  \/C2. 

Thus  the  smoothing  effect  of  the  viscosity  is  completely  different  from  that 
of  low  pass  filtering  the  signal.  In  the  later  case,  the  change  of  dlna/dlnr  occurs 
for  all  a  at  the  same  r.  The  distribution  of  a  is  not  stretched  and  C2  is  not 
increased.  To  check  this  effect,  we  obtained  a  filtered  file  from  the  {.r,:}  one 
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K;^=  711.1 
R^=  7(1.1 
Ri=  1.S2 


KMK) 

r  (tini) 


Figure  1:  Filtering  affects  Ci  the  same  Figure  2:  Stretching  is  visible  on  unfil- 
way  as  viscous  damping  tered  files,  but  not  on  the  filtered  one 


(for  Rx  =  703)  through  the  exponential  average:  yi  =  Oxi  +  (1  -  0)yi-i,  with 
0  ~  0.1.  It  is  equivalent  to  averaging  at  the  scale  IOt/, 

As  shown  on  figure  1  the  behaviour  of  dCi/dlnr  for  the  low  pass  filtered 
=  703  file,  is  very  similar  to  the  Rx  =  352  case.  However,  the  corresponding 
behaviours  of  dC2ldlnr  are  completely  different  (figure  2).  The  filtered  file  does 
not  show  the  peak  close  to  the  dissipation  scale,  predicted  from  the  physical  in¬ 
terpretation,  and  observed  on  unfiltered  files.  This  gives  support  to  the  physical 
origin  of  the  cascade  and  to  the  physical  significance  and  soundness  of  the  mean 
squared  deviation 

On  the  other  hand,  this  peak  in  dCi/dlnr  make  it  looking  as  proportional 
to  dCi/dlnr  down  to  small,  dissipative  scales.  This  is  ESS,  which  appears  as 
fortuitous  and  probably  wrong  at  larger  Rx^  Indeed,  in  this  limit,  the  relative 
width  of  the  distribution  of  Ina:  yfC^ICx  goes  down,  making  the  peak  stronger. 


3  Rayleigh-Benard  cell 

3.1  Essential  experimental  features 

Again  we  refer  to  a  previous  paper  [14]  for  a  complete  description  of  the  exper¬ 
iment.  We  focus  here  on  peculiar  points. 

The  cold  part  of  the  apparatus  is  shown  on  figure  3.  A  thermocouple  mea¬ 
sures  the  temperature  difference  between  the  plates.  Ten  pairs  of  AuFe  alloy 
and  superconductive  wires  were  used  giving  a  sensitivity  of  130//V/K.  Due  to 
the  large  difference  between  Helium  and  room  temperatures,  the  copper  wires 
used  for  the  voltage  measurements  contribute  for  a  few  lOOnV  depending  on 
the  Helium  bath  level.  This  contribution  was  measured,  shortening  the  wires  at 
low  temperature  by  a  superconductive  wire.  Once  heated  above  its  transition 
temperature,  this  wire  is  500f2  in  resistance,  well  above  the  thermocouple  resis¬ 
tance  (a  few  ohms).  With  superfluid  Helium  inside  the  cell,  we  verified  that  the 
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Figure  3:  Sketch  of  the 
cell 


Densities 


Figure  4:  Nu  versus  Ra  diagram  for  dif¬ 
ferent  Helium  densities 


difference  in  voltage  is  zero  within  2nV,  with  ImW  heating  on  the  bottom  plate. 

The  absolute  temperature  of  Helium  was  obtained  through  a  home  calibrated 
Ge  resistance.  We  checked  in  situ  its  calibration,  looking  when  possible  at  the 
condensation  point  corresponding  to  the  density  we  worked  with.  In  particular 
we  obtained  within  ImK  the  accepted  value  for  the  critical  point  temperature 
(5.194K)  looking  at  the  maximum  conductance  of  the  cell  at  a  density  close  to 
the  critical  one.  We  discovered  indeed  that  direct  density  measurement  was  far 
more  accurate  than  pressure  measurements  for  determining  Helium  properties 
[14],  especially  for  densities  more  than  half  the  critical  one.  We  proceeded  by 
filling  the  cell  from  a  calibrated  volume  at  room  temperature.  The  large  range 
in  A  we  can  cover  allows  to  obtain  the  same  Ra  and  Pr  with  different  densities, 
giving  further  cross-checks  of  these  properties. 

A  final  point  of  intere.st  is  the  heat  conductivity  of  the  plates.  We  choose 
rather  thick  plates,  2.5cm  for  10cm  in  diameter.  Indeed,  we  search  for  a  uniform, 
constant  value  of  the  temperature  in  contact  with  the  fluid.  This  does  not  mean 
uniform  heat  fluxes.  Exchange  of  heat  with  the  fluid  is  known  to  occur  via 
rather  localised  plumes.  Then  the  uniformity  of  the  temperature  is  ensured  by 
the  transverse  heat  conductivity  of  the  plates,  which  must  be  compared  to  the 
effective  heat  conductivity  of  the  cell.  The  relevant  parameter  is: 

A  =  {\cue)l(NuX,-„<f^lh)  = 

where  </>  is  the  diameter  of  the  plate,  e  its  thickness,  h  the  height  of  the  cell, 
\cu  (resp  A//e)  the  copper  (resp  Helium)  conductivity.  Note  that  the  superfluid 
test  and  the  maximum  conductivity  at  the  critical  point,  discussed  above,  both 
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give  a  lower  bound  to  the  conductivity  of  the  plates.  It  would  not  be  lower  than 
50W/K.  Precise  in  situ  measurement  of  this  conductivity  is  under  progress. 


3.2  Ultimate  regime-A  controversy 

One  of  the  results  of  the  experiments  performed  with  this  cell  is  the  evidence 
of  a  new,  high  Rayleigh,  convection  regime  which  could  be  interpreted  as  the 
ultimate  regime  predicted  by  Kraichnan  [3] .  Our  goal  in  this  paragraph  is  not  to 
discuss  of  this  interpretation,  but  of  the  controversy  about  the  data  themselves. 

Indeed,  our  result  is  that  the  Nusselt  versus  Rayleigh  relation  changes  its 
logarithmic  slope  for  Ra  >  10^^  (figure  4),  Two  other  experiments,  with  the 
same  cell  shape,  have  been  performed  with  low  temperature  Helium  gas.  They 
disagree  both  with  us  and  between  them.  The  Wu  experiment  [4]  (40cm  high, 
twice  ours)  is  in  good  agreement  with  us  up  to  Ra  =  10^^.  For  larger  Ra,  the 
rise  in  logarithmic  slope  they  observe,  if  any,  is  very  small.  The  recent  Niemela 
experiment  [5]  (Im  high,  5  times  ours)  gives,  from  Ra  =  10®  to  Ra  =  10^"^,  a 
constant  slope  higher  than  Wu’s  one  but  smaller  than  our  final  slope. 

A  remarkable  point,  in  this  controversy,  is  that  an  experimental  mistake  can 
hardly  be  invoked.  The  differences  in  Nusselt  numbers  at  the  extreme  points 
approaches  a  factor  of  2.  There  is  no  way  to  miss  a  factor  of  2  on  temperature 
differences  of  typically  lOOmK  or  Joule  heating  power  of  a  fraction  of  a  Watt. 
Thus  we  have  to  consider  that  the  flows  are  really  different,  despite  the  fact  that 
aspect  ratio,  Rayleigh  and  Prandtl  numbers  are  the  same. 

The  only  possibility  is  that  the  boundary  conditions  are  different.  If  the 
transverse  conductivity  of  the  plate  is  too  low,  heat  flux  cannot  accomodate  for 
the  presence  of  a  plume.  The  bottom  plate,  for  instance  will  locally  lower  its 
temperature,  stoping  the  developement  of  the  plume.  The  free  raising  time  of 
the  plume  is  then  limited  to  the  diffusion  time  in  the  boundary  layer  S,  which 
allows  it  to  go  up  to  a  height  d\ 


d  _  ^ 
gaA  K? 

A  similar  equation  was  obtained  by  Kadanoff  [15]  for  his  intermediate  distance 
on  which  plumes  develop.  In  any  case  this  relation  implies  Nu  <  Ro}^^  {d>  6). 

Note  that  this  condition  of  high  conductivity  of  the  plates  (large  A)  stands 
for  low  temperatures  where  the  specific  heat  of  the  plates  is  very  low.  At  room 
temperature,  the  available  specific  heat  is  that  of  the  thermal  skin  depth  in  the 
plates  at  the  frequency  k/P.  In  laboratory  experiments,  it  is  generally  sufficient 
to  ensure  the  stability  of  the  plate  temperature. 

As  a  general  comment  and  concluding  remark,  we  hope  to  have  shown  both 
the  possibilities  of  fluid  mechanics  with  Helium,  and  the  complementary  role  it 
has  versus  classical  experiments. 
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1  Introduction 

Mixing  is  usually  considered  to  be  one  of  the  important  characteristics  of  tur¬ 
bulence  where  the  objective  of  mixing  is  to  blend  a  scalar  admixture  into  the 
flow  until  a  uniform  concentration  is  reached.  On  the  molecular  scale  mixing 
takes  place  by  diffusion  but  if  this  would  be  the  only  process  to  cause  mixing,  it 
would  in  general  take  a  very  long  time  to  reach  a  uniform  concentration.  Tur¬ 
bulence  can  greatly  speed  up  this  process.  Namely,  turbulence  generates  large 
concentration  gradients  which  are  susceptible  to  fast  mixing  by  molecular  diffu¬ 
sion.  The  mechanism  by  which  these  large  concentration  gradients  are  formed, 
is  advection  and  deformation  by  the  turbulent  flow  field  such  as  stretching  and 
folding.  So  the  combined  action  of  turbulent  transport  and  molecular  diffusion 
makes  mixing  an  efficient  process  in  turbulence. 

A  turbulent  flow  can  be  characterized  by  the  length  scale  i  and  the  velocity 
scale  U  of  the  large-scale  turbulence  structure.  These  scales  for  instance  deter¬ 
mine  the  dissipation  e  jihy  which  the  turbulent  energy  of  the  large-scale 
motions  is  transferred  to  the  small-scale  motions  where  it  is  eventually  dissi¬ 
pated  by  viscosity.  These  smallest  scales  can  be  estimated  from  the  e  together 
with  the  kinematic  viscosity  v.  For  their  length  scale  which  is  also  known  as  the 
Kolmogorov  scale  tik,  we  find 


Vk  = 


1/4 


(1) 


From  the  expression  of  e  in  terms  of  ^  and  U  mentioned  above,  it  follows  that 
with  Re^  =  U  tlv. 

Apart  from  Re^  the  process  of  mixing  is  also  characterized  by  the  Schmidt 
number  Sc  =  where  k  is  the  molecular  diffusivity.  This  number  determines 
the  magnitude  of  concentration  micro-scale  in  relation  to  the  micro-structure  of 
the  turbulent  velocity  field.  For  instance  for  Sc  >  1  it  follows  [10] 


riK 


(2) 
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where  the  so-called  Batchelor  scale  tjb  denotes  the  smallest  scale  of  the  con¬ 
centration  field.  An  example  of  the  concentration  field  for  the  case  Sc  =  144 
is  illustrated  in  figure  1.  It  clearly  illustrates  the  process  of  turbulent  stretch¬ 
ing  of  folding  by  which  layers  of  concentration  are  formed  together  with  large 
concentration  gradients  in  between  these  layers.  These  results  have  been  ob¬ 
tained  with  help  of  a  direct-numerical  simulation  of  isotropic  turbulence  with 
a  constant  concentration  gradient.  For  the  numerical  solution  we  have  used  a 
spectral  code  with  64^  -  324^  modes  for  the  velocity  field  leading  to  a  value  of 
Rex  -U  X/iy  =  lb.8- 92.5  where  A  is  the  Taylor  micro  scale.  For  the  resolution 
of  the  scalar  field  we  have  used  96^  -  192^  modes.  For  further  details  we  refer 
to  [3] 


Figure  1:  Isocontours  of  the  concentration  field  generated  by  a  constant  mean 
concentration  gradient  in  isotropic  turbulence  with  Rca  =  15.8  and  Sc  =  144. 

In  the  following  we  shall  present  some  further  results  based  on  our  direct 
numerical  simulation  in  order  to  analyze  and  explain  the  structures  in  the  con¬ 
centration  field  that  we  observe  in  figure  1. 


2  Scalar  spectra 

The  scalar  admixture  concentration  c  is  governed  by  the  following  conservation 
equation 

dc  dc  d'^c 
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where  uj  (x,  t)  is  the  turbulent  velocity  field  which  we  take  here  to  be  homoge¬ 
neous  and  isotropic.  The  mean  concentration  field  consists  of  a  constant  gradient 
r  in  the  z-direction  so  that  we  can  write:  c  (x,  t)  =  Tz  +  d  (x,  t)  where  d  satisfies 
the  equation 


dd  dd 


(4) 


Although  it  has  not  been  formally  proven  [5],  the  mean  gradient  F  together 
with  the  velocity  field  is  usually  assumed_to  result  in  a  stationary  and  homoge¬ 
neous  field  of  concentration  fluctuations  governed  by  the  equation 


0  = 


-wd  r  -  K 


d^Y 

dxj) 


(5) 


from  which  it  becomes  clear  that  F  acts  as  a  source  of  concentration  fluctuations. 
The  last  term  on  the  right-hand  side  of  this  equation,  denoted  as  is  the 

molecular  destruction  of  concentration  fluctuations.  _ 

The  scalar  spectrum  {k)  gives  the  distribution  of  the  variance  as  a 
function  of  the  wave  number  k.  When  Sc  >>  1,  the  small-scale  scalar  fluctuation 
are  caused  by  straining  motions  at  the  scale  of  the  Kolmogorov  eddies  which 
have  a  magnitude  ~  elv.  For  this  case  Batchelor  [1]  and  Kraichnan  [8]  have 
derived  expressions  for  the  spectrum  which  read,  respectively 


kE^  (k) 
kEo  (k) 


—  qexp 


Kk'^\ 

7J^) 


=  g  krjB^  exp  k7]B^ 


(6) 

(7) 


where  is  a  constant,  which  should  follow  from  experiments.  The  difference 
between  these  expressions  is  the  assumption  made  by  Batchelor  that  the  local 
small-scale  straining  motions  which  create  the  smallest  concentration  fluctua¬ 
tions,  are  steady  while  Kraichnan  assumed  the  correlation  time  of  the  straining 
motions  to  be  small.  Both  expressions  agree  on  the  behaviour  of  E^  {k)  for  small 
values  of  k  for  which  they  state  E^  (k)  ~  k~^. 

For  Sc  <  1  the  assumption  concerning  the  straining  rate  generating  the  small¬ 
est  scale  concentration  fluctuations  no  longer  applies.  In  that  case  Batchelor  et 
al  [2]  derive  for  the  spectrum 


E^  (k)  =  qxi^  ^e^^^k 


(8) 


while  Gibson  [6]  proposes 


E.(,{k)  =  qx^K  ^ 


(9) 


where  in  both  equations  q  is  again  a  constant. 


(nBk)'E„(k)/x(v/e)’'^Ti 
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Figure  2:  Scalar  spectra,  dashed  line,  Kraichnan  model;  Left  figure:  o,  Sc  —  144; 
+  ,  Sc  =  25;  A,  Sc  =  7;  □,  Sc  =  1;  and  Sc  =  144  for  the  case  of  decaying 
concentration  fluctuations;  Right  flgure:  Sc  =  0.7;  +,  Sc  =  0.5;  A,  Sc  =  0.1;  □, 
Sc  =  0.04. 


In  figure  2  we  show  the  scalar  spectra  for  various  values  of  Sc  as  computed 
from  our  direct  numerical  simulations.  The  spectra  are  scaled  in  terms  of  t/s 
which  is  also  known  as  the  Batchelor  scaling.  In  the  left  figure  of  2  we  have 
plotted  the  results  for  Sc>  1.  We  find  that  for  k'i]B  >  0.1  all  spectra  collapse 
more  or  less  on  a  single  curve  which  confirms  the  Batchelor  scaling.  Moreover,  in 
this  range  of  ki)B  all  the  spectra  agree  very  well  with  the  Kraichnan  spectrum 
(7)  and  not  with  the  Batchelor  spectrum  (6)  (not  shown).  For  small  values 
of  k  all  computed  spectra  for  the  constant  gradient  case  show  a  behaviour  like 
E{)  (k)  ~  kr^  which  agrees  with  both  the  Kraichnan  and  the  Batchelor  spectrum. 
For  the  case  of  decaying  concentration  fluctuations  also  shown  in  the  left  figure 
of  2  the  spectrum  behaves  differently  and  rather  as  Eo  (k)  ~  k'~^.  For  a  further 
discussion  on  this  latter  behaviour  we  refer  to  [4].  In  the  right  figure  of  2  we 
illustrate  the  scalar  spectra  for  the  case  Sc  <  1.  The  spectra  for  k'i]B  >0.1  seem 
still  to  scale  according  to  Batchelor  scaling  and  moreover  they  are  again  well 
described  by  the  Kraichnan  spectrum.  A  clear  range  where  the  spectra  behave 
either  as  e'o  (k)  ~  k-^  or  E^  (k)  ~  is  not  apparent.  This  seems  to  be  in 

contradiction  with  the  assumption  formulated  in  [10]  that  for  Sc  <  1  the  strain 
rate  at  the  Kolmogorov  scale  is  no  longer  relevant.  Instead  we  find  that  the 
spectrum  remains  dependent  on  the  strain  rate  ejv. 


3  Lagrangian  statistics 

Given  the  important  role  of  the  small-scale  strain  rate  in  the  spectrum  of  the 
scalar  fluctuations,  we  consider  here  the  dynamics  of  concentration  fluctuations 
and  its  relation  to  the  strain  rate  in  somewhat  more  detail. 
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Figure  3:  The  ensemble- averaged  absolute  value  of  the  scalar  gradient  normalised 
with  the  mean  gradient  F  as  a  function  of  time  normalized  with  the  Kolmogorov 
time  scale  r  along  the  path  of  a  fluid  element.  The  cases  shown  are  Sc  =  0.1, 
Sc  =  0.7  and  Sc  =  7 


The  equation  for  the  concentration  fluctuations  (5)  shows  that  these  are 
destroyed  in  regions  of  a  large  scalar  gradient.  Therefore,  we  have  selected  in 
our  simulation  locations  where  the  scalar  gradient  is  large  with  respect  to  the 
mean  gradient  F.  The  turbulent  dynamics  which  leads  to  this  large  gradient,  can 
be  best  studied  in  a  Lagrangian  frame  work  because  until  molecular  diffusion 
becomes  important,  the  scalar  concentration  is  advected  with  the  flow.  To  this 
end  we  consider  the  fluid  particles  that  are  at  the  positions  where  we  have 
found  the  large  values  of  concentration  gradient  and  for  each  particle  we  set  the 
time  equal  to  t  =  0.  Next  we  compute  the  trajectories  of  these  particles  both 
going  backward,  i.e.  t  <  0,  and  forward  in  time,  i.e.  t  >  0.  In  other  words 
we  consider  fluid  particle  trajectories  conditioned  on  reaching  a  large  value  of 
the  concentration  gradient  at  the  position  of  the  particle  for  t  =  0.  In  figure 
3  we  show  the  results  for  ensemble  averaged  behaviour  of  the  concentration 
gradient  as  a  function  of  travel  time  following  these  particles  and  for  several 
values  of  Sc.  These  results  are  based  on  4000  to  24000  trajectories.  The  time 
has  been  normalized  with  the  Kolmogorov  time  scale  r  =  We  see 

that  the  increase  of  the  concentration  gradient  to  its  maximum  value  scales 
on  the  time  scale  r  and  is  moreover  independent  of  Sc.  In  other  words  the 
destruction  of  concentration  fluctuations,  or  the  molecular  mixing,  takes  place  in 
short  and  intense  bursts.  This  has  for  instance  direct  implications  for  processes 
that  depend  on  mixing  such  as  chemical  reactions.  Moreover,  the  process  of 
mixing  in  intermittent,  local  events  can  be  taken  as  a  point  of  departure  in 
modelling  [7]. 

Let  us  next  consider  how  these  bursts  of  molecular  mixing  are  formed.  For 
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y  >  — alignment 

.  ^  h-- 

Figure  4:  The  ensemble-averaged  values  along  a  particle  trajectory  conditioned 
on  a  large  value  of  the  concentration  gradient  at  t  =  0  for  the  strain  (2sijSij)  ^  , 
the  vorticity  fluctuation  or  enstrophy  the  production  of  enstrophy 

{uJiSijLjj)  and  the  alignment  of  the  concentration  gradient  dd/dxj  with  the  di¬ 
rection  of  the  largest  compressive  strain  for  the  case  Sc  =  0.7 . 


this  we  consider  that  evolution  of  some  other  statistics  as  they  develop  along 
the  fluid  particle  trajectories  that  we  have  selected  above.  In  particular  we 
consider  the  behaviour  of  the  strain  {2sijSijy^‘\  the  vorticity  fluctuation  or 
enstrophy  the  production  of  enstrophy  {ujiSijUjj)  and  the  alignment  of 

the  concentration  gradient  dd/dxj  and  the  direction  of  the  largest  compressive 
strain.  The  results  are  shown  in  figure  4  for  the  case  Sc  =  0.7  (for  the  other 
values  of  Sc  the  results  are  qualitatively  the  same). 

If  we  compare  the  results  shown  in  figures  3  and  4  we  see  that  the  strain  rate 
mimics  the  behaviour  of  the  concentration  gradient,  i.e.  there  is  a  short  burst  in 
which  the  strain  rate  increases  strongly  with  a  maximum  value  reached  at  i  =  0, 
i.e.  at  the  time  instant  where  the  maximum  concentration  gradient  is  reached. 
The  time  scale  of  this  burst  is  again  proportional  to  the  Kolmogorov  time  scale 
and  this  fact  seems  to  be  independent  of  the  value  of  Sc.  This  fact  is  consistent 
with  the  results  of  the  previous  section  where  we  found  that  the  spectra  scale  in 
terms  of  Batchelor  scaling  irrespective  of  the  Schmidt  number. 

Simultaneously  with  the  increase  in  the  strain  rate  we  see  that  the  alignment 
of  the  concentration  gradient  with  the  direction  of  the  largest  compressive  strain 
improves  (a  value  0.5  implies  non-alignment  and  a  value  1.0  perfect  alignment). 
At  the  point  of  maximum  strain  rate  and  maximum  concentration  gradient  we 
find  a  almost  perfect  alignment.  It  has  been  found  that  at  this  location  the 
other  eigenvalues  of  the  strain  rate  tensor  are  positive  which  imply  stretching. 
Therefore,  locally  the  topology  of  the  concentration  can  be  visualized  as  a  thin 
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Figure  5:  The  probability  density  function  of  the  alignment  of  the  concentration 
gradient  with  the  direction  of  the  largest  compressive  strain  for  Sc  =  0.7  for  the 
times  tjr  =  -6,  t/r  —  0  and  t/r  =  6. 


sheet  with  its  gradient  parallel  to  the  direction  of  strongest  compression.  This 
picture  agrees  with  the  contour  plot  shown  in  figure  1.  This  almost  perfect 
alignment  at  f  =  0  is  further  illustrated  in  figure  5  where  we  show  the  probability 
density  distribution  of  the  alignment  with  the  largest  compressive  strain  at  t/r  = 
“6,  t/r  =  0  and  t/r  =  6.  For  both  values  t/r  =  -6  and  t/r  =  6  the  probability 
distribution  is  almost  fiat  implying  no  alignment.  In  contrast  at  t/r  =  0  the 
distribution  has  a  large  peak  at  the  value  1  which  means  perfect  alignment. 

The  value  of  the  vorticity  also  shown  in  figure  4  is  initially  rather  small  and 
increases  somewhat  during  the  process  in  which  the  strain  rate  goes  through  its 
maximum.  This  is  consistent  with  the  behaviour  of  the  production  of  enstrophy 
which  goes  through  a  maximum  at  about  t  =  0.  This  result  leads  us  to  con¬ 
clude  that  the  burst  of  strong  molecular  mixing  are  not  connected  to  the  strong- 
small  scale  vortices  which  have  been  observed  in  turbulent  flow.  This  fact  is  in 
agreement  with  the  results  of  Ruetsch  and  Maxey  [9].  The  process  of  vorticity 
increase  after  t  =  0  is  possibly  due  to  the  roll  up  of  the  strong  strain  region. 


4  Conclusions 

•  We  have  found  that  the  spectra  of  scalar  fluctuations  collapse  when  plotted 
in  terms  of  Batchelor  scaling  irrespective  of  the  value  of  the  Schmidt  num¬ 
ber  with  0.04  <  Sc  <  144.  Moreover  for  all  values  of  the  Schmidt  number 
the  spectrum  agrees  well  with  the  expression  derived  by  Kraichnan  [8]. 

•  Based  on  ensemble  average  of  properties  sampled  along  particle  trajectories 
which  are  conditioned  on  reaching  a  large  value  of  the  scalar  gradient  at 
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=  0,  we  find  that  the  molecular  mixing  takes  place  in  bursts  which 
scale  on  the  small-scale  Kolmogorov  time  scale.  The  large  concentration 
gradients  which  accompany  these  bursts  are  caused  by  a  strong  small-scale 
compressive  strain  which  results  in  a  local  topology  of  the  concentration 
in  the  form  of  a  sheet.  The  vorticity  during  this  process  is  small. 
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A  scenario  for  bypass  transition  to  turbulence  likely  to  occur  in  natural  tran¬ 
sition  in  a  flat  plate  boundary  layer  flow  is  studied.  The  disturbances  at  the 
leading  edge  of  the  flat  plate  that  show  the  highest  potential  for  transient  en¬ 
ergy  growth  consist  of  streamwise  aligned  vortices.  Due  to  the  lift-up  mechanism 
these  optimal  disturbances  are  transformed  downstream  into  elongated  stream- 
wise  streaks  with  significant  spanwise  modulation.  The  initial  disturbance  that 
yields  the  maximum  spatial  transient  growth  in  a  non-parallel  flat  plate  bound¬ 
ary  layer  flow  was  determined  by  Andersson,  Berggren  &  Henningson  [2]  by 
applying  the  boundary  layer  approximations  to  the  three-dimensional  steady  in¬ 
compressible  Navier-Stokes  equations  and  linearising  around  the  Blasius  base 
flow.  If  the  disturbance  energy  of  the  streaks  becomes  sufficiently  large,  sec¬ 
ondary  instability  can  take  place  and  provoke  early  breakdown  and  transition, 
overruling  the  theoretically  predicted  modal  decay.  A  possible  secondary  insta¬ 
bility  is  caused  by  inflectional  profiles  of  the  base  flow  velocity,  a  mechanism 
which  does  not  rely  on  the  presence  of  viscosity.  Experiments  with  flow  visu¬ 
alisations  by  for  example  Alfredsson  &  Matsubara  [1]  have  considered  the  case 
of  transition  induced  by  streaks  formed  by  the  passage  of  the  fluid  through  the 
screens  of  the  wind-tunnel  settling  chamber.  They  report  on  the  presence  of 
a  high  frequency  ’’wiggle”  of  the  streak  with  a  subsequent  breakdown  into  a 
turbulent  spot. 

Direct  Numerical  Simulations  (DNS),  using  a  numerical  code  described  in  [5], 
are  used  to  follow  the  nonlinear  saturation  of  the  optimally  growing  streaks  in 
a  spatially  evolving  boundary  layer.  The  complete  velocity  vector  field  from 
the  linear  results  by  Andersson  et  al.  [2]  is  used  as  input  close  to  the  leading 
edge  and  the  downstream  nonlinear  development  is  monitored  for  diff’erent  initial 
amplitudes  of  the  perturbation.  To  be  able  to  quantify  the  size  of  the  primary 
disturbance  field  an  amplitude  A  is  defined  as 


max(t/  -  Ub)  —  mm{U  -  Ub) 
y,-  y,z 


(1) 
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Using  linear  Floquet  theory  we  study  the  temporal,  inviscid  secondary  instability 
of  these  streaks  to  determine  the  characteristic  features  of  their  breakdown.  The 
linear  secondary  stability  calculation  are  carried  out  on  the  basis  of  the  boundary 
layer  approximation,  i.e.  the  mean  field  to  leading  order  will  consist  only  of  the 
streamwise  velocity  component  (here  denoted  U),  consistent  with  the  scaling 
hypothesis  which  led  to  the  definition  of  the  streak.  Such  a  mean  field  varies  on 
a  slow  streamwise  scale,  whereas  the  secondary  instability  varies  rapidly  in  the 
streamwise  direction  x,  as  observed  in  the  visualisations  [1].  Hence,  our  leading 
order  stability  problem  is  the  parallel  flow  problem,  with  perturbation  mode 
shapes  dependent  only  on  the  cross-stream  coordinates  y  (wall-normal)  and  z 
(span  wise) . 

The  equations  governing  the  stability  of  the  streak  are  obtained  by  substi¬ 
tuting  U-bu,  where  u{x,y,  z,t)=iu,v,w]  is  the  perturbation  velocity  and  U  is 
the  streak  profile  above,  into  the  Navier-Stokes  equations  and  dropping  nonlin¬ 
ear  terms  in  the  perturbation.  If  viscosity  is  neglected  it  is  possible  to  find  an 
uncoupled  equation  for  the  pressure  by  taking  the  divergence  of  the  momentum 
equations  and  introducing  continuity  (see  [4]).  These  manipulations  yield 

(|^  +  [/^)Ap-2C/„p,„-2{/.p..-  =  0.  (2) 

The  pressure  is  expanded  in  an  infinite  sum  of  Fourier  modes  and  only  perturba¬ 
tion  quantities  consisting  of  a  single  wave  component  in  the  streamwise  direction 
are  considered,  i.e. 

oo 

k=—oo 

where  a  is  the  real  streamwise  wavenumber  and  c  =  Cr  +  ici  is  the  phase  speed. 
Here  0  is  the  spanwise  wavenumber  of  the  primary  disturbance  field  and  7  is  the 
(real)  Floquet  exponent.  Because  of  symmetry  it  is  sufficient  to  study  values  of  7 
between  zero  and  one  half,  with  7  =  0  corresponding  to  a  fundatnental  instability 
mode,  and  7  =  0.5  corresponding  to  a  subharmonic  mode.  The  most  commonly 
used  definitions  of  sinuous  or  varicose  modes  of  instability  are  adopted  with 
reference  to  the  visual  appearance  of  the  motion  of  the  low-speed  streaks;  the 
symmetries  of  the  subharmonic  sinuous/ varicose  fluctuations  of  the  low-speed 
streaks  are  always  associated  to  staggered  {x)  varicose/sinuous  oscillations  of 
the  high-speed  streaks. 

We  show  that  the  linear  and  nonlinear  spatial  development  of  optimal  stream- 
wise  streaks  are  both  well  described  by  the  boundary  layer  approximations  and 
as  a  consequence  Reynolds  number  independent  for  large  enough  Reynolds  num¬ 
bers.  This  results  in  a  boundary  layer  scaling  property  that  couple  the  stream- 
wise  and  spanwise  scales,  which  implies  that  the  same  solution  is  valid  for  com¬ 
binations  of  the  streamwise  position,  x,  and  spanwise  wavenumber,  /5,  such  that 
the  product  x/3‘^  stays  constant.  The  parameter  study  of  streak’s  instability  is 
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A  A 

Figure  1:  Neutral  curves  for  streak  instability  in  the  A-a  plane  for  (a)  funda¬ 
mental  sinuous  mode,  (b)  subharmonic  sinuous  mode,  (contour  levels:  a;i=0, 
0.0046,  0.0092) 


therefore  representative  of  a  wide  range  of  intermediate  values  of  ^  for  which 
saturation  occurs  at  a  reasonable  x;  large  enough  so  that  the  boundary  layer 
approximation  may  still  be  valid  and  small  enough  so  that  Tollmien-Schlichting 
waves  may  not  play  a  significant  role. 

The  parameter  study  was  conducted  also  to  identify  the  neutral  stability 
curves  calculated  for  a  range  of  a’s.  These  results  are  displayed  in  figures  1 
for  the  two  sinuous  symmetries,  together  with  contour  levels  of  constant  growth 
rates.  It  can  immediately  be  observed  that  a  streak  amplitude  of  about  26% 
of  the  free-stream  speed  is  needed  for  an  instability  to  occur.  One  can  also 
notice  that  the  subharmonic  mode  is  unstable  for  lower  amplitudes  than  the 
fundamental  mode  and  that  the  growth  rates  for  larger  amplitudes  are  quite 
close  for  the  two  symmetries. 

No  results  for  the  varicose  instabilities  are  presented  here.  In  fact,  both 
the  varicose  fundamental  and  the  subharmonic  symmetries  result  in  weak  insta¬ 
bilities  for  amplitudes  larger  than  A=0.37  with  growth  rates  smaller  than  one 
fifth  of  the  corresponding  sinuous  growth  rates.  Therefore  a  breakdown  scenario 
triggered  by  a  varicose  instability  seems  unlikely. 

Numerical  experiments  on  streak’s  instability  are  also  carried  out  using  DNS 
and  the  results  are  compared  with  the  linear  stability  calculations.  The  sec¬ 
ondary  disturbances  are  triggered  using  a  harmonic  volume  force  with  frequency 
cj=0.211,  while  linear  temporal  stability  calculations,  using  the  real  part  of 
the  streamwise  wavenumber  obtained  from  the  direct  numerical  simulations, 
0:^=0. 260,  are  also  performed,  employing  mean  fields  extracted  at  different 
streamwise  positions  from  the  DNS.  In  order  to  compare  the  spatial  results  to 
the  growth  rates  obtained  from  the  temporal  inviscid  stability  problem  Caster’s 
transformation  is  used  [3].  The  results  are  shown  in  figure  2,  where  the  Umis 
distribution  of  the  fundamental  sinuous  mode  at  x=2  is  also  displayed. 
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Figure  2:  (a)  Isocontours  of  rms  values  of  the  streamwise  velocity  component  of 
the  secondary  disturbance  ((^,.=0.211)  for  the  fundamental  sinuous  mode  at  x=2, 
obtained  from  the  DNS.  The  dashed  line  represents  the  contour  of  the  constant 
value  of  the  mean  field  corresponding  to  the  phase  speed  of  the  disturbance  (  U  = 

Cr  =  0.80).  (b)Spatial  growth  rates,  ai  versus  .t; - DNS  data  with  Res=4:S0 

and  /?=0.45;  *  linear  temporal  inviscid  stability  calculations  using  mean  fields 
at  each  corresponding  x  position  and  streamwise  wavenumber  0.^=0. 260. 
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1  Abstract 

A  feature  of  laminar  separated  flows  is  that  they  become  unstable  at  relatively 
low  Reynolds  numbers.  As  a  result,  the  mean-flow  pattern  and  unsteady  be¬ 
haviour  is  then  governed,  largely,  by  instability  and  transition.  We  report  the 
use  of  large-eddy  simulation  to  study  the  early  stage  instability  of  separated 
boundary  layer  transition  induced  by  a  change  of  curvature  of  the  surface.  The 
geometry  is  a  flat  plate  with  a  semi-circular  leading  edge.  The  Reynolds  number 
based  on  the  uniform  inlet  velocity  and  the  leading  edge  diameter  {d  =  10mm) 
is  3450.  It  is  shown  from  the  simulation  that  transition  starts  with  the  primary 
2D  instability  originating  from  the  free  shear  in  the  bubble  as  the  free  shear 
layer  is  inviscidly  unstable  via  the  Kelvin-Helmholtz  mechanism. 


2  Introduction 

Laminar  boundary  layer  separation  and  transition  is  a  fundamental  flow  phe¬ 
nomenon  and  occur  in  many  important  engineering  flows.  Despite  intensive 
research  over  the  past  several  decades  our  understanding  is  still  far  from  com¬ 
plete  [1,  3,  4,  7].  A  free  shear  layer  is  formed  as  a  laminar  boundary  layer  sepa¬ 
rates  owing  to  curvature  changes  in  the  present  study.  When  a  laminar  boundary 
layer  separates,  its  instability  increases  since  the  free  shear  layer  formed  in  the 
separation  bubble  could  be  inviscidly  unstable.  Kiya  and  Sasaki  [5]  indicate 
from  their  separated  boundary  layer  study  that  the  large-scale  vortices  originate 
from  a  successive  amalgamation  of  vortices  formed  in  the  separated  shear  layer 
through  the  Kelvin-Helmholtz  instability.  However,  sufficient  and  detailed  evi¬ 
dence  has  not  been  given  in  separated  boundary  layer  transition  studies  to  show 
that  the  instability  mechanism  at  work  is  indeed  the  Kelvin-Helmholtz  insta¬ 
bility.  The  main  objective  of  this  paper  is  to  demonstrate  that  the  free  shear 
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layer  in  the  separation  bubble  is  inviscidly  unstable  via  the  Kelvin-Helmholtz 
instability  mechanism  by  analysing  the  LES  data  and  comparing  the  results  with 
those  of  the  inviscid  linear  stability  analysis. 


3  Numerical  methods 

The  fully  covariant  general  incompressible  Navier-Stokes  equations  are  discre- 
tised  on  a  staggered  mesh  using  finite  volume  methods,  together  with  a  gener¬ 
alised  dynamic  subgrid  scale  model.  The  explicit  second  order  Adams-Bashforth 
is  used  for  the  momentum  advancement  except  for  the  pressure  term.  The  Pois¬ 
son  equation  for  pressure  is  solved  using  a  efficient  hybrid  Fourier  multigrid 
method  with  the  periodic  boundary  conditions  applied  in  spanwise  dimension. 
Details  of  the  mathematical  formulation  and  numerical  methods  in  general  co¬ 
ordinates  used  in  the  present  study  have  been  reported  elsewhere  [6], 

4  Results  and  discussion 

Figures  1  shows  the  mean  and  rms  fluctuating  parts  of  the  streamwise  velocity 
compared  with  the  experimental  data  at  seven  streamwise  stations.  The  simu¬ 
lated  mean  bubble  length  is  about  2.56d,  slightly  shorter  than  the  experimental 
one  {2.75c/).  The  profiles  are  plotted  as  functions  of  y/l  at  corresponding  values 
of  x/l  where  I  is  the  mean  reattachment  length.  As  can  be  seen  from  figure  1 
very  good  agreement  between  the  experimental  data  and  the  simulated  results 
has  been  obtained  for  the  mean  streamwise  velocity  profiles.  The  agreement  for 
the  rms  fluctuations  is  also  good  except  that  the  simulation  shows  higher  peaks 
of  u*  occurring  closer  to  the  wall  at  two  stations  in  the  bubble,  especially  at 
xjl  =  0.66  where  the  discrepancy  between  the  peak  values  is  about  22%.  After 
the  reattachment  the  agreement  is  much  better. 


“1 

^  S, 

1 — 0:2  0:3 

“B'.4  Ci‘5  '  0.7  0.8 

Figure  1:  Mean  axial  velocity  at  seven  streamwise  positions  measured  from  the 
blend  point.  Left  to  right,  x/l  =  0.22,  0.44,  0.66,  1.09,  1.27,  1.64,  2.55.  Line— 
LES;  Symbols — Exp.  data 

The  transition  process  can  be  clearly  seen  in  figure  2  which  shows  a  snap¬ 
shot  of  the  instantaneous  spanwise  vorticity  in  the  {x,y)  plane  at  an  arbitrary  z 
(spanwise)  position.  In  the  first  half  of  the  bubble  a  free  shear  layer  develops  and 
spanwise  vortices  forms;  these  are  inviscidly  unstable  and  any  small  disturbances 
present  grow  downstream  with  a  amplification  rate  larger  than  that  in  the  case 
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of  viscous  instabilities.  Further  downstream  the  initial  spanwise  vortices  are  dis¬ 
torted  severely  and  roll  up,  leading  to  streamwise  vorticity  formation  associated 
with  significant  3D  motions,  eventually  breaking  down  at  about  the  reattach¬ 
ment  point  and  developing  into  a  turbulent  boundary  layer  rapidly  afterwards. 
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Figure  2:  Instantaneous  spanwise  vor¬ 
ticity  in  the  (x,y)  plane 


Figure  3:  Stable  and  unstable  wave 
numbers;  dashed  line — -LES 


In  order  to  clarify  whether  the  instability  of  the  free  shear  layer  in  the  present 
study  is  the  Kelvin-Helmholtz  instability.  Let  us  consider  the  Kelvin-Helmholtz 
mechanism  in  more  detail.  The  Kelvin-Helmholtz  instability  was  originally  de¬ 
rived  considering  two  uniform  incompressible  inviscid  fluids  of  densities  pi,  p2 
and  velocity  Ui,  U-i  separated  by  a  horizontal  boundary  at  y=0.  Let  the  density 
pi  of  the  upper  fluid  be  less  than  the  density  p2  of  the  lower  fluid  so  that  the 
arrangement  is  a  stable  one  when  Ui  and  U2  are  zero.  For  a  given  difference  in 
velocity  U2  —  U1,  no  matter  how  small  it  is,  instability  occurs  for  all  wave  numbers 
larger  than  a  critical  value  (for  disturbances  of  sufficiently  small  wavelengths)  or 
it  can  be  stated  that  for  a  given  wave  number  instability  occurs  if  the  velocity 
difference  U2  —  U1  is  larger  than  a  critical  value.  This  is  the  Kelvin-Helmholtz  in¬ 
stability  [2] .  What  remains  to  be  clarified  is  whether  the  Kelvin-Helmholtz  insta¬ 
bility  occurs  due  to  the  sharp  discontinuities  in  p  and  U  which  has  been  assumed 
in  its  derivation.  Chandrasekhar  [2]  considered  the  case  of  continuous  variation 
of  U  and  certain  distribution  of  p  (characterized  by  the  Richardson  number) 
and  concluded  from  the  inviscid  linear  stability  analysis  that,  for  any  values  of 
the  Richardson  number,  there  are  always  bands  of  wavelengths  for  which  the 
Kelvin-Helmholtz  instability  occurs.  In  particular,  when  the  Richardson  num¬ 
ber  is  zero,  i.e.  for  constant  density,  the  condition  for  the  Kelvin-Helmholtz 
instability  to  occur  is  0  <  Kh  <  1.2785  where  K  is  the  wave  number  and  h  is 
the  shear  layer  thickness.  In  the  present  study  the  shear  layer  thickness  in  the 
region  where  the  unsteadiness  first  becomes  apparent  at  about  x/l  =  0.2  {I  is 
the  mean  separation  bubble  length)  is  0.0577/  and  hence  the  unstable  region  for 
K  is  <  K  <  22.16//.  In  other  words,  the  Kelvin-Helmholtz  instability  will  not 
occur  in  the  present  study  for  wave  numbers  larger  than  22.16//,  or  wavelength 
smaller  than  27r/FC  =  0.2836/.  The  characteristic  frequency  in  the  present  study 
varies  from  about  100  to  220Hz  (obtained  from  spectra  of  u'  in  the  separation 
bubble)  and  the  wave  speed  c  is  equal  to  the  velocity  at  the  critical  layer,  U {'ijc) 
i.e.,  the  streamwise  velocity  at  the  inflection  point  where  d^U{yc) / dy^  =  0  which 
is  about  O.42U0  at  x/l  =  0.2.  Therefore  the  maximum  wave  number  from  the 
simulated  results  is  K,nnx  =  f max /c  =  17.05//,  corresponding  to  a  wavelength 
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of  0.368^,  which  satisfy  the  Kelvin-Helmholtz  instability  criterion  for  the  present 
study  {0  <  K  <  22.16/1).  Several  locations  between  0.2  <  x/l  <  0.45  have  also 
been  checked  and  the  maximum  wave  numbers  are  all  within  the  unstable  re¬ 
gion  according  to  the  Kelvin-Helmholtz  instability  criterion  for  constant  density 
and  continuous  variation  of  U  velocity  [2]  as  shown  in  figure  3.  Thus  it  can  be 
concluded  that  the  free  shear  layer  in  the  separation  bubble  is  likely  to  become 
inviscidly  unstable  via  the  Kelvin-Helmholtz  instability  mechanism. 

5  Conclusions 

The  study  of  separated  boundary  layer  transition  on  a  flat  plate  with  a  semi¬ 
circular  leading  edge  has  been  carried  out  numerically  and  the  predicted  mean 
and  turbulence  quantities  compare  well  with  the  experimental  data.  From  de¬ 
tailed  analysis  of  the  LES  data,  it  has  been  shown  that  transition  starts  with 
the  2D  instability  of  the  free  shear  layer  formed  in  the  separation  bubble  which 
is  inviscidly  unstable  via  the  Kelvin-Helmholtz  instability  mechanism. 
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1  Introduction 

The  first  strict  experimental  evidence  of  the  enhancement  of  the  instability  wave 
growth  in  presence  of  an  adverse  pressure  gradient  (APG)  has  been  obtained  in 
the  classical  experiments  by  Schubauer  and  Skramstad  [1].  Probably  first  strong 
evidence  of  an  important  role  of  the  subharmonic  resonance  in  the  process  of  the 
laminar-turbulent  transition  in  the  APG  boundary  layer  was  obtained  experi¬ 
mentally  in  [2].  The  only  available  at  present  direct  experimental  study  of  the 
subharmonic  resonant  interactions  in  the  APG  boundary  layer  was  performed 
in  [3]  for  rather  small  values  of  the  Hartree  parameter  (/?//  =  -0.06  and  -0.09). 
In  agreement  with  the  theoretical  prediction  the  rapid  growth  and  subsequent 
saturation  of  the  subharmonic  amplitudes  was  found  at  controlled  disturbance 
conditions.  However,  the  double-exponential  growth  and  the  explosive  amplifica¬ 
tion  have  not  been  found.  Moreover,  some  important  properties  of  the  resonant 
interactions  were  not  investigated. 

The  goal  of  the  present  experiments  was  to  fill  the  gaps  existing  in  this  area, 
in  particular  to  investigate  in  more  detail  both  the  properties  of  the  tuned  and 
detuned  subharmonic  resonances  in  the  APG  boundary  layer  and  to  clear  up  the 
subsequent  destiny  of  the  transition  process  including  its  essentially  nonlinear 
stages. 

2  Experimental  Setup  and  Basic  Flow 

Experiments  were  conducted  in  the  low-turbulence  subsonic  wind  tunnel  T-324 
of  the  ITAM  at  the  free-stream  velocity  f/o  «  9  m/s.  The  APG  was  induced  over 
a  flat  plate  (equipped  with  a  flap  and  installed  horizontally)  with  the  help  of 
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an  adjustable  wall-bump.  In  general  the  experimental  setup  was  similar  to  that 
used  in  [4].  A  special  disturbance  source  was  used  for  excitation  of  the  2D  and 
3D  instability  modes  in  a  controlled  way.  The  source  was  mounted  at  a  distance 
Xs  =  300  mm  {Re  =  770)  from  the  leading  edge  of  the  plate  and  consisted  of  a 
set  of  ”  point-like  sources”  aligned  with  the  model  span.  Main  features  of  such 
generator  are  described  in  [5]. 

The  basic  flow  under  investigation  was  a  self-similar  boundary  layer  with 
Hartree  parameter  /3h  =  -0.115.  All  measurements  were  carried  out  by  means 
of  a  hot-wire  anemometer. 


3  Generation  of  Disturbances 

In  the  present  work  the  disturbance  source  was  used  in  a  number  of  regimes. 
In  main  regimes  the  following  modes  were  excited:  (i)  a  large- amplitude  2D 
fundamental  wave  (/i  =  109.1  Hz,  /I  =  0)  and  a  pair  of  small-amplitude  3D 
subharmonics  (/  =  /i  =  /i/2  =  54.6  Hz,  P  =  ±l3i)  simultaneously,  (ii)  the  2D 
fundamental  mode  only  (regime  F),  (iii)  the  pair  of  subharmonics  only  (regime 
S),  (iv)  the  fundamental  mode  introduced  simultaneously  with  a  small-amplitude 
continuous-spectrum  (’noise-like’)  disturbance  that  simulated  some  background 
boundary-layer  perturbations  (regime  NR),  and  (v)  the  ’noise-like’  disturbance 
only  (regime  N).  In  regime  (i)  three  sub-regimes  were  investigated,  namely: 
regime  MR,  (Main  Resonant  regime)  -  with  an  initial  fundamental  (Fun)  ampli¬ 
tude  Aoi  =  A,noi  and  an  initial  subharmonic  (Sub)  amplitude  Aqi  =  A,,„oi  and 
with  a  ’resonant’  phase  relationship  between  the  Sub  and  Fun  modes;  regime 
2FR  -  with  two  times  greater  initial  Fun  amplitude  Aqi  =  2A,„oi  and  Sub  am¬ 
plitude  Aoi  =  A,„oi;  and  regime  AR  (Anti-Resonant  regime)  -  with  initial  Fun 
and  Sub  amplitudes  the  same  as  in  regime  MR  but  with  a  phase  shift  between 
the  Fun  and  Sub  modes  orthogonal  to  the  resonant  one  (^oi  was  shifted  by  tt).  In 
addition  a  dependence  of  the  disturbance  behavior  on  initial  phase  relationship 
was  studied  for  various  initial  phases.  An  influence  of  Sub  frequency  detuning 
on  the  resonant  interaction  was  also  studied  at  conditions  of  regime  MR  but  at 
excitation  of  quasi-subharmonic  wave  at  frequencies  /  =  /i  +  A/,  where  A/ 
varied  from  -0.9/i  to  +0.9/i  (regimes  MRD). 

In  order  to  satisfy  the  resonance  phase  synchronism  conditions  the  pair  of 
Sub  waves  with  a  spanwise  wavelength  of  A.i  =  48  mm  27r//?i  and  with  the 
wavenumbers  /?i  =  ±0.134  rad/mm,  a,i  =  0.103  rad/mm  has  been  chosen  in 
all  studied  regirnes  when  the  Sub  or  quasi-Sub  waves  were  excited. 


4  Subharmonic  Resonance  and  Its  Properties 

An  exponential  growth  of  the  Fun  wave  is  observed  both  in  regime  MR  and 
F  (Figure  1).  In  regime  F  the  Sub  waves  grow  also  exponentially.  However, 
during  the  resonant  interaction  (regime  MR  in  Figure  1)  the  Sub-waves  growth 
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Figure  1:  Amplification  curves  for 
Fun  and  Sub  waves. 


Figure  2:  Evolution  of  the  phases  in 
MR  and  AR  regimes. 


increases.  It  was  found  that  this  growth  is  double  exponential.  The  phase 
behavior  (Figure  2)  observed  in  regime  MR  has  shown  a  satisfaction  of  the 
phase  synchronism  conditions  that  is  necessary  for  the  resonant  amplification  of 
subharmonics. 

The  difference  of  the  AR  regime  from  MR  is  in  a  phase  shift  of  Fun  wave  by 
180  degrees.  In  this  case  the  Sub  wave  attenuates  initially  because  the  phase 
relationship  is  orthogonal  to  the  resonant  one  (see  Figure  2).  In  the  end  (beyond 
the  X  470  mm)  the  subharmonics  starts  to  amplify  because  a  very  small 
component  of  the  Sub  wave  with  the  resonant  phase  shift  survives,  while  the 
component  with  the  orthogonal  phase  is  disappeared. 

The  dependence  of  the  subharmonics  am¬ 
plitude  at  X  =  510  mm  (far  from  the  source) 
on  initial  phase  shift  has  shown  both  a  very 
strong  amplification  of  the  subharmonic  when 
the  resonant  component  is  present  and  even  its 
suppression  when  the  phase  shift  is  orthogonal 
(A0!=:i  240°). 

Variation  of  the  initial  frequency  of  quasi¬ 
subharmonic  waves  has  shown  that  the  subhar¬ 
monic  resonance  has  a  great  width  in  the  fre¬ 
quency  spectrum  and  can  amplify  even  waves 
with  frequencies  O.l/i  and  1.9 fil 

In  regime  2FR  the  increment  of  the  double¬ 
exponential  growth  of  subharmonic  increases  (see  Figure  1).  An  additional 
growth  of  the  Fun  wave  is  observed  at  late  stages  due  to  an  essentially  non-linear 
interaction  with  the  subharmonics.  This  growth  is  called  in  weakly-nonlinear 
theory  an  ’explosive  growth’. 

It  is  seen  from  Figure  3  that  the  resonance  amplifies  a  wide  continuous  spec¬ 
trum  of  perturbations,  which  are  shown  to  be  3D  ones  with  a  dominant  spanwise 
wavenumber  close  to  that  studied  in  resonant  regimes  with  deterministic  Sub 
waves.  The  amplification  curves  measured  in  regime  NR  has  shown  that  start- 
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ing  from  x  ^  450  mm  the  random  quashsubharmonic  perturbations  start  to  be 
amplified  with  the  same  double-exponential  growth  rate  as  in  regime  MR.  The 
resonant  phase  synchronism  condition  was  found  to  be  also  satisfied  in  regime 
NR,  in  the  range  of  the  resonant  amplification  of  continuous-spectrum  perturba¬ 
tions. 


5  Conclusions 

•  The  subharmonic  resonance  is  studied  using  an  advanced  methods  of  measure¬ 
ments  and  data  processing.  Similar  to  the  Blasius  case  the  resonance  is  found 
to  be  very  strong. 

•  The  resonance  is  shown  to  be  very  wide  in  the  frequency  spectrum  and  very 
sensitive  to  the  phase  shift  between  the  subharmonic  and  fundamental  waves. 

•  The  resonance  is  found  to  lead  to  a  very  rapid  amplification  of  background 
continuous-spectrum  perturbations. 

•  The  double-exponential  resonant  growth  of  the  subharmonic  (tuned  and  de¬ 
tuned)  waves,  predicted  by  weakly-nonlinear  theory,  is  found  experimentally. 

•  An  experimental  evidence  of  the  ’’explosive”  (at  least  ’’additional  )  amplifi¬ 
cation  of  the  fundamental  wave  under  the  influence  of  the  subharmonic  waves 
is  found  at  late  stages  of  the  resonant  interaction  (following  after  the  stage  of 
parametric  resonance). 

The  work  was  supported  by  Russian  Foundation  for  Basic  Research  (giant 
0001-00835). 
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1  Introduction 

Investigations  of  stability  and  transition  of  hypersonic  boundary  layers  are  crit¬ 
ical  for  design  of  high-velocity  vehicles  because  the  state  of  boundary  layer  de¬ 
termines  drag  and  heat  transfer.  Besides,  these  researches  form  a  part  of  more 
common  fundamental  problem  of  transition  to  turbulence.  The  studies  in  this 
field  either  numerical  or  experimental  were  conducted  actively  over  last  decades. 
The  latest  achievements  are  published  in  [1],[2].  So  as  a  rule  in  these  experiments 
development  of  natural  disturbances  was  studied.  The  progress  of  computational 
methods  and  the  necessity  of  their  verification  call  for  information  about  struc¬ 
ture  of  disturbances  developing  in  the  boundary  layer.  This  information  may  be 
obtained  through  the  application  of  artificial  wave  packet  method. 


2  Experiments 

The  experiments  were  carried  out  in  blowdown  wind  tunnel  T-326,  ITAM  SB 
RAS  at  free  stream  Mach  number  Moo=5.92  and  i?ei  =  12.5-10^  m“k  The  sta¬ 
bility  of  hypersonic  boundary  layer  with  reference  to  both  natural  and  artificial 
disturbances  was  studied  on  a  sharp  and  blunted  cones  with  half  angle  of  7 
degree.  The  length  of  model  was  500  mm,  nose  bluntness  radius  was  Rn=‘^  nun. 

A  high  frequency  point  glow  discharge  situated  at  a  distance  of  70  mrn  from 
model  nose  of  sharp  cone  was  used  to  generate  the  artificial  wave  packets  [3]. 
Such  a  packet  consists  of  many  inclined  waves.  The  development  of  this  wave 
train  in  the  boundary  layer  was  registered  by  a  constant  temperature  hot  wire 
anemometer  in  frequency  band  up  to  500  kHz.  Hot  wire  was  moved  in  longitu¬ 
dinal  and  vertical  direction  at  the  same  time  the  model  was  rotated.  As  a  result, 
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three-dimensional  distributions  of  pulsations  were  obtained,  which  were  decom¬ 
posed  into  a  Fourier  series.  Investigation  of  natural  disturbances  was  executed 
in  ordinary  manner. 

The  measured  cross  distributions  of  natural  and  artificial  disturbance  am¬ 
plitudes  on  the  sharp  cone  are  typical  for  laminar  hypersonic  boundary  layers 
(Figure  1).  For  all  frequencies  fluctuation  amplitude  maxima  are  grouped  in 
the  narrow  layer  approximately  at  0.75-f0.8(5.  It  is  evident  that  maximum  value 
of  disturbances  amplitude  decreases  as  nose  radius  rises.  Such  a  decrease  of 
fluctuation  amplitude  may  be  explained  through  the  decrease  of  boundary  layer 
receptivity  to  free  stream  disturbances  when  nose  radius  increases.  Distribution 
of  artificial  disturbances  amplitude  agree  with  natural  one  and  LST  calculation. 


Figure  1:  Cross  distribution  of  distur¬ 
bance  amplitude. 


Figure  2:  Pulsation  spectra  at  maxi¬ 
mum  energy  location  for  sharp  cone. 


Figure  3:  Pulsation  spectra  at  max¬ 
imum  energy  location  for  blunted 
(i?n=2  mm)  cone. 


Figure  4:  Amplification  rates. 


The  measurements  in  maximum  energy  location  were  carried  out  for  determi¬ 
nation  of  amplification  rates  of  instability  waves.  The  longitudinal  distributions 
of  fluctuation  spectra  for  natural  disturbances  are  presented  in  Figures  2,3.  It  is 
possible  to  observe  a  peak  on  high  frequencies  [F  =  2Tr f  / B.eiUe  =  1  -r  1.5  ■  10  ) 

which  corresponds  second  mode  of  instability  waves.  The  amplitude  increase 
and  shift  of  fluctuation  maximum  to  low  frequencies  side  is  seen  clearly.  The 
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estimation  of  wave  length  of  these  fluctuations  (with  use  of  theoretical  phase 
velocity)  shows  that  it  is  approximately  equal  to  the  two  boundary  layer  thick¬ 
nesses.  Such  a  behavior  is  typical  for  the  second  disturbances  mode:  mode 
wavelength  is  approx  2S,  and  that  is  why  wave  length  increases  and  thus  fre¬ 
quency  decreases.  The  amplitudes  distributions  versus  R=^/R^  are  smoothed 
and  approximated  with  polynomial.  Then  the  amplification  rates  are  calculated 
by  the  following  formula:  -Oi  =  0.5(dln  A/ /dR).  The  results  of  processing  and 
numerical  calculations  are  given  in  Figure  4.  In  the  area  of  frequencies  corre¬ 
sponding  with  the  second  disturbances  mode,  the  peak  is  seen  clearly.  Though 
the  main  energy  of  fluctuations  is  accounted  for  low  frequency  fluctuations,  cor¬ 
responding  with  the  first  mode,  the  second  mode  waves  are  more  unstable,  as 
the  theory  predicts.  A  good  qualitative  and  quantitative  coincidence  of  calcu¬ 
lated  and  experimental  Oj  values  is  seen.  It  is  seen  from  Figure  3  and  4  that 
on  blunted  cone  just  only  low-frequency  disturbances  exist  but  increase  in  the 
area  of  high  frequencies  is  observed.  Comparison  of  spectra  and  amplification 
rates  shows  that  disturbances  rises  slower  on  bluntned  cones.  At  the  same  time 
second  mode  disturbances  have  great  amplification  in  pre-transitional  zone. 

Frequency  range  of  generated  artificial  disturbances  for  sharp  cone  was  cho¬ 
sen  in  view  of  results  of  natural  disturbances  development  studying  and  LST. 
From  the  obtained  fluctuation  spectra  distributions  in  the  maximum  fluctuations 
layer  (Figure  2)  two  frequencies  were  chosen  /i  =78.125  kHz  (F=0.38T0~'^)  and 
/2=266  kHz  (F=l. 29-10“'*);  they  conform  to  the  most  unstable  disturbances  of 
the  first  and  second  mode  correspondingly.  As  the  value  of  a  phase  velocity 
weakly  depends  on  wave  inclination  angle,  the  measurements  of  were  realized 
in  center  of  wave  packet  in  the  maximum  fluctuations  layer.  Measured  phase 
velocity  is  equal  to  0.89  and  0.9  for  first  and  second  mode  correspondingly. 


Figure  5:  Span  wise  distribution  of  amplitude  for  first  (a)  and  second  (b)  modes. 

In  Figure  5  there  are  the  examples  of  distributions  of  amplitude  A  and  phase 
$  of  artificial  disturbances  on  angle  of  model  rotation  Small  asymmetry  caused 
by  the  source  was  found  out  in  each  section  on  x.  The  spatial  amplitude  spectra 
obtained  after  Fourier  decomposition  are  presented  in  Figure  6.  The  spanwise 
wave  number  jd  has  the  scale  rad/ (deg  of  0).  It  is  viewed  that  two  peaks  with 
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I^=±Q.28  rad/deg  stand  out  on  the  spectra  for  the  first  mode.  Depending  on 
position  of  section  they  are  correspond  to  pair  of  inclined  waves  with  x=40—49 
which  predominate  in  wave  packet.  Amplification  rates  of  these  inclined  waves 
obtained  from  spectra  are  in  range  -Oi—O.Q-f  1.7-10"^.  Calculation  in  terms  of 
LST  result  in  for  the  most  unstable  waves  of  x=57°.  The  ampli¬ 

tude  /?  spectrum  (Figure  6b)  for  second  mode  has  the  narrow  peak  when  ^=0,  it 
means  that  two-dimensional  wave  prevail  in  the  packet.  Measured  amplification 
rate  for  second  mode  is  — a;i=3.4-10“^  and  theoretical  value  is  — o;i=2.1-10 
So  waves  of  second  mode  are  two-dimensional  and  their  amplification  lates  are 
greater  than  for  first  mode.  This  result  corresponds  with  the  results  of  leseaich 
of  natural  disturbances  development,  presented  above. 


p.  radidegree  P.  rad/degree 


Figure  6:  Amplitude  and  phase  spectra  of  first  (a)  and  second  (b)  mode  artificial 
disturbances  versus  transversal  wave  number  p. 
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1  Introduction 


Transition  from  laminar  to  turbulent  flow  is  usually  triggered  by  unstable  distur¬ 
bances  inside  the  boundary  layer.  The  growth  of  such  disturbances  are  sensitive 
to  different  type  of  forcing  inside  the  boundary  layer  and  on  the  boundaries.  The 
knowledge  about  the  response  of  disturbances  to  such  forcing  is  of  great  impor¬ 
tance  when  one  wishes  to  predict  or  control  the  transition.  The  receptivity  and 
sensitivity  analysis  have  been  investigated  by  different  authors,  e.g.  Crouch  [2] 
and  Hill  [3].  Here  we  investigate  the  sensitivity  of  disturbances  to  wall  conditions 
and  source  of  momentum  in  a  compressible  boundary  layer  in  the  framework  of 
the  non-local  stability  theory  using  Parabolized  Stability  Equations,  PSE.  The 
main  tool  developed  here  is  based  on  the  adjoint  equations.  With  this  technique 
the  sensitivity  of  a  disturbance  can  be  obtained  with  a  single  adjoint  calculation. 

We  start  by  deriving  the  non-local  stability  equations.  The  idea  is  to  model 
convectively  unstable  disturbances  with  curved  or  divergent  wave-rays  in  a  non- 
uniform  flow  in  an  orthogonal  curvilinear  coordinate  system.  In  such  coordinate 
system  an  arc  length  element  is  expressed  as  (ds)  = 
turbances  are  divided  into  an  amplitude  function  and  a  wave  function 


q(x^,t)  =  q{x^ 0  =  exp  i  (  /  a{x')dx' +  px^  -  u)t). 

Jxo 


(1) 


where  x^,  x^  and  x^  are  the  normal,  spanwise  and  streamwise  directions  re¬ 
spectively,  a  is  the  streamwise  wavenumber,  P  the  spanwise  wavenumber  and  cj 
the  frequency.  According  to  the  boundary  layer  approximation  we  assume  the 
streamwise  derivatives  of  q  and  a  as  well  as  the  normal  mean  velocity  to  be  of 
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0{llRex)-  Introducing  Eq.  1  and  scalings  above  into  the  linearized  conservation 
equations  of  mass,  momentum  and  energy  for  a  compressible  flow  and  keeping 
terms  up  to  (9{l//?ex),  result  in  a  set  of  parabolic  equations.  In  a  general  case, 
when  the  flow  is  subjected  to  sources,  <S,  of  mass,  momenta  and  energy,  the 
non-local  disturbance  equations  can  be  written  as 

0  (./I -f -f  CD33  +  PiPi )  ^  =  <5,  g  =  (u,  u,  T,  u),  p)  .  (2) 


The  boundary  conditions  are  u(rc^,0)  =  uvv(2:^)  and  T(2;^,0)  =  More¬ 
over,  disturbances  vanish  in  the  far  field.  The  operators  and  V  are 

fuiictions  of  the  mean  flow  and  Di  are  derivatives  w.r.t.  Eq.  2  is  solved 
by  a  marching  procedure  in  the  downstream  direction  using  an  initial  condition 
of  q  at  Xq.  The  streamwise  wavenumber  a  is  derived  such  that  the  auxiliary 


condition 


=  0. 


(3) 


is  satisfied.  Here,  the  overbar  denotes  complex  conjugate.  Eq.  3  also  ensures 
that  the  streamwise  variation  of  the  amplitude  function  q  remains  small.  For 
details  on  the  non-local  stability  theory  see  Bertolotti  [1]. 


2  Adjoint  formulation 

The  adjoint  equations  are  derived  using  an  appropriately  defined  inner  product, 
the  Lagrange  identity  and  the  generalized  Greens  theorem.  This  can  be  written 

pXi  pZ\  /•+00 

{f,Cq)-{Cr,Q)=  /  /  V3(q\q)hih2h3dx^  dx^  dx^  (4/ 

Jxo  JZo  Jo 

T 

Here  q*  =  {u*  ,v*  ,T* ,  p*)  is  the  adjoint  vector  of  the  disturbance  vector  q 
and  J  are  bilinear  combinations  of  q  and  q*,  see  Hill  [3].  We  make  an  ansatz  for 
q*  similar  to  that  for  q  as 

q*{x\t)  =  q*[x\x^)Q\  0*  =  exp  z  (  /  a* {x')dx'  A  x^  -  u*t)  (5) 

Jxi 

We  choose  ^*  =  (3  and  uj*  =  u.  The  adjoint  equations  are  obtained  by  applying 
integration  by  parts  to  the  inner  product  between  Eq.  2  and  q* .  The  adjoint 
equations  can  now  be  written 

(A  A  BD^  A  C  T>33  +  V  Di)  r  =  0.  (6) 

with  homogeneous  boundary  conditions  for  u*  and  T*  on  the  wall  and  in  the 
far  field.  Here  H  denotes  conjugate  transpose.  The  operators  A,B,C  and  V  are 
functions  of  the  mean  flow  and.  Eq.  6  is  integrated  in  the  upstream  direction. 
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The  initial  field  at  =  Xj  is  obtained  from  the  local  adjoint  equations.  The 
adjoint  streamwise  wavenumber  a*  is  solved  such  that 


d 

dx^ 


00*  /  h2h^T^Vq  dx 


=  0, 


(7) 


is  satisfied.  Details  on  the  above  derivations  are  given  in  Pralits  et  al.  [4]. 


3  Sensitivity  analysis 

Introducing  the  boundary  and  auxiliary  conditions  for  q  and  q*  and  using  the 
definition  of  adjoint  equations,  Eq.  4  reduce  to  a  relation  between  input  and 
output  quantities.  Here,  input  is  the  forcing  and  output  is  the  disturbance 
amplitude  at  Xi .  Now  we  introduce  A{x^)  which  denotes  the  complex  amplitude 
of  the  disturbance  defined  such  that 


q{x^)  =  A{x^)  qo{x^  ,x^)  exp  i{px^  -  ujt).  (8) 

Here  qo  is  the  amplitude  function  normalized  with  the  maximum  amplitude  of 
the  velocity,  mass  flow  or  energy.  Further,  the  source  5,  and  Tw{x^) 

are  modeled  as  point  forcing  using  a  Dirac  delta  function.  If  Eq.  8  is  introduced 
into  the  right  hand  side  of  Eq,  4,  the  changes  in  amplitude  A  at  x^  =  Xi  can 
be  written  in  a  simplified  form  as 

XA{Xi)  =  (  =  {u,v,w,T,p).  (9) 

^  C 


The  coefficients  and  will  now  provide  the  response  to  point  forcing  on 
the  wall  and  inside  the  boundary  layer,  respectively.  Each  coefficient  depends 
on  the  solution  of  the  forward  and  adjoint  equations.  For  example,  the  response 
to  a  streamwise  and  normal  velocity  disturbance  on  the  wall  is  obtained  as 


hih29*  f  fi 


J(AT) 


{x^=x\v 


_  lli; 


h\ 


j(Xi) 


(.ri=.Tvv  ,*^=0) 


(10) 


Here  J{x^)  =  9* {x^)  h2h2q*^Vqo  dx^,  9*{x^)  —  expz  a*(x')dx'  and 
R  =  y/U*x^* Ijy* .  Here  ★  denotes  the  physical  quantities.  In  a  similar  manner 
we  can  write  the  response  to  forcing  by  streamwise  momentum  as 


—  — 
As  -  — 


J(Ai) 


hih2h39*{u] 

t  }  (x^  —  xs,x^=ys 


(11) 


Some  typical  results  are  given  in  Figure  1.  Here,  Xq  corresponds  to  R  =  250  and 
Xi  to  i?  =  760.  In  Figure  la,  \As\  is  plotted  for  an  incompressible  flow,  M  =  0. 
The  maximum  response  corresponds  to  forcing  at  branch  I  of  the  neutral  stability 
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curve  and  in  the  vicinity  of  the  critical  layer.  Compared  to  the  other  components 
of  Ag,  the  magnitude  of  the  streamwise  component  is  at  least  10  times  larger. 
This  is  also  true  for  higher  Mach  numbers.  In  Figure  lb,  is  plotted  for 

the  streamwise  and  wall  normal  velocity  component  for  different  Mach  numbers. 
Here  it  should  be  noted  that  the  maximum  for  all  curves  are  close  to  branch 
I  of  the  neutral  stability  curve.  The  branch  points  are  marked  with  +  signs. 
Further,  the  magnitude  of  the  wall  normal  component  is  approximately  15  times 
that  of  the  streamwise  c;oniponent.  This  indicates  that  the  most  efficient  way 
of  afiecting  the  growth  of  disturbance  is  to  use  the  normal  velocity.  The  results 
in  Figure  lb  show  also  that  the  forcing  at  the  wall  becomes  less  efficient  as  the 
Mach  number  increases. 


*^100  200  300  400  500  600  700 

b)  R 


Figure  1:  a)  |Ag|,  M  =  0,  (3  =  0.  The  straight  line  denotes  the  critical  layer. 
Branch  locations:  I  at  R  =  430,  II  at  R  =  730.  b)  |AtV|,  |Ai';,|  M  =  0,0.7, 1.8, 
F  ~  2'nPiy*/U*'^  =  100  x  10“^  (3  =  0.05.  Branch  locations  are  marked  with  +. 
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1  Introduction 

In  this  study  we  have  performed  the  numerical  simulation  of  the  nonlinear  evo¬ 
lution  of  the  unstable  disturbances  in  a  plane  perfectly  expanded  supersonic  jet 
exhausting  into  the  co-flowing  stream.  This  kind  of  flow  is  of  interest  due  to  its 
practical  importance  in  such  problems  of  jet  propulsion  as  mixing,  supersonic 
combustion,  and  jet  noise  generation. 

Linear  stability  analysis  reveals  multiple-mode  character  of  the  jet  instability. 
Betchov  &  Criminale  [1]  showed  that  two  unstable  modes  exist  for  an  incom¬ 
pressible  plane  jet,  one  of  those  modes  has  symmetrical  pressure  eigenfunction, 
which  is  usually  referred  to  as  a  varicose  mode,  and  another  is  anti-symmetrical 
one  (sinuous  mode).  The  compressibility  also  greatly  influences  the  stability 
properties  of  the  jet  flow:  the  top-hat  jet  analysis  performed  by  Gill  [2]  reveals  a 
number  of  unstable  modes  in  supersonic  case,  which  is  believed  to  be  associated 
with  the  transfer  of  energy  across  the  jet  by  sound  waves. 

We  are  primarily  focused  here  on  the  differences  between  the  spatial  evolution 
of  the  instabilities  of  different  modes,  and  also  on  the  effects  of  the  compress¬ 
ibility.  As  will  be  shown  in  the  following,  the  nonlinear  evolution  of  the  jet 
instabilities  appears  to  be  essentially  different  at  subsonic  and  supersonic  rela¬ 
tive  speeds  of  the  jet  and  the  co-flowing  stream,  and  for  the  different  instability 
modes. 

2  Numerical  techniques 

To  simulate  spatial  evolution  of  the  instability  waves  in  supersonic  plane  jet 
we  solve  numerically  two-dimensional  Navier-Stokes  equations  of  compressible 
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gas.  The  viscosity  is  assumed  to  be  linearly  proportional  to  temperature.  The 
Prandtl  number  is  unity. 

For  the  spatial  discretization  of  convective  terms  of  Navier-Stokes  equa¬ 
tions  weighted  essentially  non-oscillatory  (WENO)  scheme  of  the  5th  order  by 
Jiang  &  Shu  [3]  is  used.  This  scheme  represents  a  new  generation  of  high-order 
shock-capturing  schemes  providing  high  accuracy  at  smooth  solutions,  which  is 
necessary  when  modelling  wave  processes,  and  capture  shock  waves  inherent  in 
high-speed  flows  without  oscillations.  Diffusive  terms  in  Navier-Stokes  equations 
were  approximated  with  the  central  differences  of  the  4th  order.  Time  integra¬ 
tion  was  made  with  low-storage  Runge-Kutta-Gill  scheme  of  the  fourth  order. 
The  details  of  our  numerical  method  can  be  found  in  [5] 

All  calculations  were  performed  in  the  rectangular  computation  domain.  The 
size  of  the  domain  was  typically  50  x  10  jet  widths.  Number  of  grid  nodes  used 
was  800  X  160.  The  grid  was  uniform  in  streamwise  direction,  and  stretched 
along  the  normal  coordinate  according  to  algebraic  mapping  in  order  to  enhance 
resolution  in  the  jet  shear  layers. 

At  the  top  and  bottom  boundaries,  and  at  the  outflow  we  impose  non¬ 
reflecting  characteristic  boundary  conditions  by  Thompson  [4]  to  prevent  unde¬ 
sired  reflections  which  could  affect  the  flow.  The  inflow  conditions  were  imposed 
in  the  following  way.  At  the  first  stage  of  the  computations  we  have  at  the  inflow 
co-flowing  supersonic  top-hat  jet  and  the  ambient  supersonic  stream  of  smaller 
velocity.  The  pressures  in  the  jet  and  in  the  ambient  streams  are  equal.  The 
computed  Navier-Stokes  stationary  profiles  of  streamwise  velocity  and  tempera¬ 
ture  in  some  downstream  location  were  then  used  in  the  linear  stability  analysis. 
The  computed  linear  stability  eigenfunctions  were  imposed  on  the  stationary 
mean  flow  as  the  inflow  forcing. 


3  Results  and  discussion 

We  consider  here  two  cases  with  different  relative  velocities  of  the  jet  and  the  am¬ 
bient  stream.  The  influence  of  the  compressibility  on  the  stability  characteristics 
is  characterized  by  so-called  convective  Mach  number  Me  =  {Ui  -  U2)/{ai  +<32), 
where  are  streamwise  velocities,  01,02  are  speeds  of  sound  in  the  cor¬ 

responding  stream  (index  1  corresponds  to  the  parameters  of  the  jet,  index  2 
corresponds  to  the  co-flowing  stream) . 

First  case  corresponds  to  subsonic  relative  speeds,  and  the  Mach  numbers  of 
the  jet  and  the  ambient  stream  are  Mi  =  2.5,  M2  =  1-5.  Temperatures  of  the 
jet  and  the  ambient  stream  were  chosen  to  be  equal,  and  the  convective  Mach 
number  determined  across  the  jet  shear  layer  is  in  this  case  Me  =  0.5.  Reynolds 
number  based  on  the  width  of  the  jet  and  the  velocity  difference  is  Re  =  5000 
in  our  computations. 

The  results  of  computations  for  subsonic  sinuous  and  varicose  modes  are 
shown  in  Fig.  1.  In  early  stages  of  the  evolution  the  instability  waves  in  two  sheai 
layers  develop  independently  and  are  quite  similar  to  the  well-known  Kelvin- 
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Helmholtz  vortices.  Farther  downstream  the  neighboring  vortices  in  each  shear 
layer  are  no  longer  independent  and  interact  in  a  complex  way.  In  case  of 


Figure  1:  Subsonic  sinuous  (upper  image)  and  varicose  (lower  image)  modes. 
Entropy 

sinuous  mode,  the  neighbouring  vortices  merge  rolling  around  each  other,  and 
the  vortical  movement  gradually  involves  the  fluid  in  the  whole  jet  column.  It  is 
interesting  to  note  that  in  the  case  of  varicose  instability  the  rolling  interaction  of 
the  neighbouring  vortices  is  replaced  with  shredding  interaction,  which  is  known 
from  the  studies  on  mixing  layer  dynamics  [6]. 

In  the  second  considered  case  we  increase  the  velocity  difference  between  the 
jet  and  the  ambient  stream.  The  corresponding  Mach  numbers  are  Mi  =  4.5, 
M2  =  1.5,  so  the  convective  Mach  number  is  Me  =  1.5.  The  results  of  compu- 


Figure  2:  Supersonic  sinuous  (upper  image)  and  varicose  (lower  image)  modes. 
Density  gradient 

tations  in  supersonic  case  (see  Fig.  2)  show  the  essentially  different  instability 
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evolution.  Vortical  structures  in  the  shear  layer  are  very  slender  and  flattened. 
In  case  of  supersonic  sinuous  mode  Mach  waves  are  emitted  into  the  ambient 
stream.  Farther  downstream  these  Mach  waves  transform  into  weak  inclined 
shock  waves.  As  the  instability  grows,  the  shock  waves  and  expansions  appear 
in  the  jet  core,  and  the  jet  breaks  up.  On  the  contrary,  the  varicose  instabil¬ 
ity  mode  seems  to  remain  confined  in  the  jet  core  up  to  the  outflow.  The  flow 
evolves  as  a  sequence  of  complex  periodic  patterns  containing  shock  and  expan¬ 
sions.  These  patterns  are  somewhat  similar  to  steady  cell  structure  typical  for 
non-isobaric  jets.  This  is  not  surprising  because  the  pressure  in  the  jet  core  at 
the  inflow  is  changing  in  time  due  to  the  forcing,  and  this  could  correspond  to 
the  situation  when  the  jet  becomes  locally  overexpanded  or  underexpanded  at 
different  moments.  Of  course,  in  our  simulations  we  have  travelling  waves,  not 
steady  state  structure. 

4  Conclusions 

The  early  non-linear  stages  of  the  transition  to  turbulence  were  simulated  nu¬ 
merically  for  the  perfectly  expanded  supersonic  planar  jet,  exhausting  into  the 
co-ffowing  stream.  Results  of  Navier— Stokes  simulations  show  essentially  distinct 
patterns  of  the  jet  instability  in  subsonic  and  supersonic  cases,  and  for  different 
instability  modes.  The  computations  show  that  sinuous  instability  is  mainly 
responsible  for  the  jet  break-up  in  both  subsonic  and  supersonic  cases. 

The  authors  would  like  to  acknowledge  the  support  of  RFBR  (Grant  No.  98- 
01-00723)  and  INTAS  (Open  Call  1999  Proposal  No.  785). 
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1  Introduction 

Kinematic  Simulation  (KS)  is  a  unified  Lagrangian  model  of  one-  and  two-  and 
indeed  multi-particle  turbulent  diffusion.  In  practice  it  relies  on  the  integration 
of 

^  =  u(x,0  (1) 

where  x  is  the  position  of  the  fluid  particle  and  u  a  turbulent-like  Eulerian  ve¬ 
locity  field.  Statistics  are  then  performed  on  the  trajectories.  Incompressibility 
is  enforced  in  every  single  realisation  of  u  and  the  energy  spectrum  is  prescribed 
according  to  the  type  of  turbulence  considered.  As  such,  KS  should  be  con¬ 
trasted  with  Lagrangian  stochastic  models  of  turbulent  diffusion  which  do  not 
explicitly  incorporate  structural  aspects  of  the  flow  by  means  of  full  realisations 
of  Eulerian  velocity  fields  and  which  are  by  construction  different  models  for 
one-  and  two-particle  statistics.  However,  as  demonstrated  by  [1],  and  [3],  two- 
particle  statistics  are  very  significantly  influenced  by  small-scale  spatio-temporal 
flow  structures. 

In  this  paper  we  only  study  the  case  of  a  energy  spectrum.  In  KS  we 

need  to  introduce  an  explicit  time  dependence  based  on  turn-over  frequencies 
proportional  to  yJk'^E{k). 

Comparisons  with  Direct  Numerical  Simulation  results  of  two-particle  statis¬ 
tics  in  stationary  isotropic  turbulence  have  shown  good  agreement  with  KS  [3]. 
Compared  to  Lagrangian  integration  of  DNS  data  KS  is  a  much  less  time  con¬ 
suming  method.  Here,  we  are  able  to  run  many  different  cases  corresponding  to 
different  values  of  the  turbulence  parameters  and  different  initial  particle  pair 
separations  in  a  KS  with  two  velocity  components,  i.e.  in  the  2-D  plane  (same 
KS  as  in  [2]). 
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Figure  1:  Two  particle  diffusion  in  2-D  turbulence  :  <  |Ax(t) -  Ax(0)|^  >  /L’^  as 
a  function  of  Ax(^)  is  the  two  particle  vector  difference  and  here  |  =  11180. 

Pi-om  top  to  bottom  ^  =  1000,  100,  10,  1,  0.1,  0.01,  0.001. 


2  Investigation  of  Richardson’s  range 

Because  of  computing  constraints  we  have  been  able  to  assess  the  limits  of 
Richardson’s  law  in  the  2-D  plane,  and  are  only  currently  investigating  the  3-D 
case. 

Our  most  important  result  is  that  Richardson’s  law  seems  to  hold  only  for  ini¬ 
tial  particle-pair  separations  Aq  between  i]  and  0.1?/  where  rj  is  the  Kolmogorov 
length  scale  of  the  turbulence.  Figure  1  shows  for  different  initial  separations 
Ao,  the  two-particle  diffusion  <  |Ax(t)  -  Ax(0)|"  >  j L-  as  a  function  of  ^ 
where  L  is  an  integral  length  scale  and  the  Kolmogorov  time  scale. 

The  different  curves  collapse  only  at  large  times,  at  the  end  of  the  inertial 
range.  Two-particle  diffusion  is  affected  by  its  initial  condition  (i.e.  Ax(0)) 
much  longer  than  predicted  by  Richardson’s  law.  At  small  times,  two-particle 
diffusion  grows  at  a  faster  rate  than  Richardson’s  prediction  when  Ax(0)  <  rj 
and  at  a  slower  rate  when  Ax(0)  >  77. 

This  result  is  confirmed  in  Figure  2  which  shows  <  |Ax(f)  —  Ax(0)|‘'  > 

as  a  function  of  Clear  evidence  of  a  regime  is  only  observed  for  Ax(0) 

between  O.h]  and  77 
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Figure  2:  Two  particle  diffusion  in  2-D  turbulence  :  <  |Ax(i)  -  Ax(0)p  > 

as  a  function  of  Ax(f)  is  the  two  particle  vector  difference  and  here  ^  = 

11180.  From  top  to  bottom  ^  =  1000,  100,  10,  5,  1,  0.1,  0.01,  0.001. 


3  Investigation  of  diffusion  at  small  times 


We  are  also  able  to  give  accurate  scalings  for  the  initial  diffusion  when  i  ->  0 
namely: 


L2 


(2) 


when  Ao  <  T}  and 


^0 

L 


r 


(3) 


when  Ao  >  T),  where  L  is  the  integral  length  scale  and  u'  the  rms  velocity 
fluctuation  of  the  turbulence. 


Relations  (2)  and  (3)  can  be  summarised  as 


<  Axi^{t)  >=  Avo^i^  (4) 

where  Auq  =  limi^o  <  Axi^{t)  >  /f^.  Figure  3  shows  ^  as  a  function  of  ^ 
where  Aq  is  the  initial  separation  of  the  particle  pair,  77  and  7;,^  the  Kolmogorov 
length  and  velocity  scales.  The  spectra  used  for  obtaining  Figure  3  are  all 
in  shape;  only  the  range  ^  has  been  varied  and  the  data  collapse  on  the  same 
curve. 
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Figure  3:  ^  as  a  function  of  ^  for  four  different  spectra:  Diamond  ^  = 
250000,  +  I  =  38748,  Box  |  =  11180,  x  ^  =  1691. 
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1  Introduction 

Understanding  the  statistics  of  particle  pairs  dispersion  in  turbulent  velocity 
fields  is  of  great  interest  for  both  theoretical  and  practical  implications.  Since 
fully  developed  turbulence  displays  well  known,  non-trivial  universal  features  in 
the  Eulerian  statistics  of  velocity  differences,  pair  dispersion  represents  a  starting 
point  for  the  investigation  of  the  general  problem  of  the  relationship  between 
Eulerian  and  Lagrangian  properties.  Moreover,  a  deep  comprehension  of  relative 
dispersion  mechanisms  is  of  fundamental  importance  from  an  applicative  point 
of  view,  for  a  correct  modelization  of  small  scale  diffusion  and  mixing  properties. 

In  this  Paper  we  present  a  detailed  investigation  of  the  statistics  of  relative 
dispersion  from  extensive  numerical  simulations  of  particle  pairs.  In  the  first  part 
we  will  consider  the  advection  of  particles  by  a  fully  developed  turbulent  flow 
obtained  by  means  of  direct  numerical  simulation  of  two-dimensional  inverse 
energy  cascade.  This  flow  is  known  to  be  well  described  by  Kolmogorov  self¬ 
similarity  theory  [1]  with  no  detectable  intermittency  corrections  [2].  In  this 
case  we  expect  a  confirm  of  the  Richardson-Obukhov  predictions  on  relative 
dispersion  statistics.  In  the  second  part  we  will  investigate  the  effects  of  Eulerian 
intermittency  on  Lagrangian  statistics  by  replacing  the  DNS  Eulerian  flow  with 
a  synthetic  flow  with  prescribed  statistical  features.  We  find  deviations  of  the 
scaling  exponents  from  the  Richardson’s  values,  i.e.,  “Lagrangian  intermittency” . 
These  effects  cannot  be  captured  by  dimensional  arguments  alone.  The  simplest 
step  beyond  dimensional  analysis  is  the  extension  of  the  multifractal  description 
successfully  used  for  Eulerian  statistics  to  Lagrangian  quantities  [3]. 

The  intermittency  corrections  to  relative  dispersion  are  however  small.  More¬ 
over,  they  can  be  hidden  by  the  finite  scaling  rangei,  expecially  in  the  case  of 
direct  numerical  simulated  Eulerian  flow.  To  partially  overcome  this  difficulty 
we  propose  a  new  methodology  for  the  analysis  of  relative  dispersion  data  based 
on  Lagrangian  statistics  at  fixed  spatial  particle  separation  [4]. 
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2  Relative  dispersion  in  two-dimensional  turbu¬ 
lence 

Pair  dispersion  statistics  has  been  investigated  by  direct  numerical  simulation  of 
the  inverse  energy  cascade  in  two-dimensional  turbulence.  The  2D  Navier-Stokes 
equations  for  the  vorticity 

diuj  -f  J  (cd,  'ijj)  =  lyAuj  -  aoj  (J),  (1) 

are  integrated  by  a  standard  pseudospectral  method  on  a  doubly  periodic  square 
domain  of  /7‘^  =  2048^  grid  points  [2].  The  friction  linear  term  -oca  extracts  en¬ 
ergy  from  the  system  to  avoid  Bose-Einstein  condensation  at  the  gravest  modes. 
The  forcing  is  active  only  on  a  typical  scale  If  and  is  ^-correlated  in  time  to 
ensure  the  control  of  the  energy  injection  rate.  In  Figure  1  we  plot  relative  dis- 


Figure  1:  Relative  dispersion  R‘^(t)  for  two  initial  separation  R{0)  =  1.5  x  10“^ 
(-f)  and  i?(0)  =  3  x  10"^  (x).  The  continuous  line  is  the  Richardson  law 

persion  R^  (t)  obtained  after  averaging  over  64000  particle  pairs  for  two  different 
initial  conditions  i?2(0).  The  Richardson  law  is  observed  in  a  limited  time 
interval,  especially  for  the  largest  R?{0)  run.  It  is  remarkable  that  the  relative 
separation  law  displays  such  a  strong  dependence  on  the  initial  conditions  even 
in  this  high  resolution  runs. 

To  overcome  the  difficulty  to  observe  the  Richardson  scaling  law,  we  use 
an  alternative  approach  based  on  “doubling  time”  Tr{R)  defined  as  the  time  it 
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takes  for  the  particle  pair  separation  to  grow  by  a  factor  r  from  R.  The  method 
has  been  successfully  applied  to  the  analysis  of  relative  dispersion  in  laminar 
flow  [4].  The  scaling  property  of  the  doubling  time  statistics  in  fully  developed 
turbulence  is  obtained  by  a  simple  dimensional  argument.  The  time  it  takes 
for  the  particle  pair  separation  to  grow  from  R  to  rR  can  be  dimensionally 
estimated  as  Tr{R)  ~  R/Sv^^^^\r);  we  thus  expect  for  the  inverse  doubling  times 
the  scaling 

{T,{R)}  ~  (2) 

In  Figure  2  it  is  shown  the  doubling  time  for  the  same  simulation  of  Figure 
1.  At  small  scales  R  <  0.01  there  appears  a  constant  plateau  corresponding  to 
exponential  particle  separation  [3].  At  larger  R,  we  observe  the  scaling  (2)  on  a 
range  of  scales. 
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Figure  2:  Average  doubling  time  for  particle  pairs  in  DNS  of  two-dimensional 
turbulence.  The  line  is  the  theoretical  Richardson  scaling 


3  The  effect  of  Eulerian  intermittency 

We  now  consider  the  case  of  an  intermittent  velocity  field  with  scaling  exponents 
Cp  7^  P/3-  We  can  extend  the  dimensional  argument  for  the  Richardson  law  to  the 
intermittent  case  by  using  the  multifractal  representation  [3].  For  the  doubling 
time  statistics  the  prediction  is  very  simple  and  can  be  summarize  as  follows. 
A  dimensional  estimate  of  the  doubling  time  is  T{R)  ~  RI5v{R)  thus,  after 
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averaging  over  many  realizations  we  can  write 

As  reported  in  Figure  3  prediction  (3)  is  well  verified  in  our  simulations.  As 
for  the  Eulrian  statistics,  also  for  the  Lagrangiaii  statistics  there  is  an  exponent 
3  _  (3  =  2  unaffected  by  intermittency. 


Figure  3;  Inverse  doubling  time  moments  for  the  intermittent 

velocity  field.  Continuous  lines  represent  the  theoretical  scaling.  In  the  inset  we 
plot  the  theoretical  and  numerical  exponents  as  a  function  of  the  moment  p  (the 
dashed  line  is  the  non-intermittent  prediction). 
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Turbulent  dispersion  of  passive  tracers  is  involved  in  an  extremely  large  num¬ 
ber  of  situations,  pertaining  to  industrial,  environmental,  astrophysical  contexts 
[1,2].  In  two  dimensions,  the  Batchelor  regime  [3]  refers  to  a  situation  where  the 
tracer  is  simply  dispersed  by  a  smooth  two-dimensional,  chaotic,  velocity  field, 
characterized  by  a  single  large  scale  L  [4].  The  two-point  statistics  of  the  scalar 
field  has  been  calculated  under  controlled  approximation  in  [6,  7,  8],  where  a 
scalar  variance  spectrum,  Eoik),  decreasing  as  logarithm  like  behaviour  for 
the  second  order  structure  function  [6]  and  exponential  tails  for  both  fluctuations 
and  increments  scalar  distributions  (PDF)  [7,  8]  are  predicted.  In  this  paper  we 
report  results  on  the  spreading  of  a  low  diffusivity  colorant  in  a  two-dimensional 
turbulent  flow,  forced  at  large  scales.  The  experimental  set-up  we  use  has  been 
described  in  [9].  The  flow  is  generated  in  a  square  PVC  cell,  15  cm  x  15  cm.  The 
bottom  of  the  cell  is  made  of  a  thin  (1  mm)  glass  plate,  below  which  permanent 
magnets,  5x8x4  mm  in  size  are  placed.  In  order  to  ensure  two  dimensionality, 
the  cell  is  filled  with  two  layers  of  NaCl  solutions,  each  3  mm  thick,  with  different 
densities,  pi=  1030  gl"^  and  p2=  1060  g^^  placed  in  a  stable  configuration, 
i.e.  the  heavier  underlying  the  lighter.  The  interaction  of  an  electrical  current 
driven  across  the  cell  with  the  magnetic  field  produces  local  stirring  forces.  In 
the  experiments  we  describe  here,  the  experimental  conditions  of  [9]  have  been 
exactly  reproduced  :  the  flow  develops,  after  a  short  transient,  a  direct  enstrophy 
cascade  with  Kolmogorov-Kraichnan  scaling,  E[k)  ~  /c“^.  The  passive  scalar 
is  a  mixture  of  fluorescein  and  water,  of  density  p  =  1002  gl"S  and  diffusiv¬ 
ity  Av  =  10“*^  cm^s“h  The  ’’molecular”  Peclet  number  UL/k.  (where  U  and  L 
are  typical  velocity  and  length  scales)  is  typically  on  the  order  of  10^.  In  these 
experiments,  the  flow  is  statistically  stationary,  while  the  concentration  field  is 
in  a  freely  decaying  regime.  Additionally,  we  have  simulated  the  concentration 
field  in  order  to  mimick  the  experiment  [10].  We  will  incorporate  the  results  of 
this  work  in  the  discussion  of  the  physical  experimental  results.  Fig.l  shows  a 
typical  evolution  of  a  spot  of  fluorescein  5  cm  in  diameter,  released  in  the  system 
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at  time  t=0.  At  early  time,  the  blob  is  localized  in  the  center  of  the  cell,  and 
is  slightly  distorted.  It  is  further  vigorously  advected  and  strained,  under  the 
action  of  the  velocity  field,  undergoing  a  random  sequence  of  baker’s  transforms. 
At  this  stage,  the  striations  display  a  broad  range  of  sizes;  it  would  be  hard  to 
extract  a  simple  characteristic  length  from  the  inspection  of  the  turbulent  fields 
displayed  in  Fig.l. 


Figure  1:  Time  evolution  of  a  blob  of  fluoresceinc  in  a  16  cmxl6  cm  region,  at 
times  t  =  1,  12,  20,  and  40s. 


The  existence  of  a  range  of  time,  comprised  between  8  and  18  s,  where  the 
concentration  field  seems  to  reach  a  quasi-stationary  state  is  confirmed  by  the 
inspection  of  the  total  dissipation  f  k'^E(k),  which  displays  a  broad  maximum 
in  this  range  of  time  .  We  further  concentrate  ourselves  on  the  analysis  of  this 
region,  we  call  ’’quasi-stationary  domain”  [10]. 


a)  b) 


Figure  2:  a)  Variance  scalar  spectra,  the  straight  line  has  a.k~^  slope.  The  insert 
shows  the  compensated  spectra  Eo{k)  x  k.  b)  Even  structure  functions  up  to 
order  eight.  Straight  line  is  a  logarithmic  fit  for  S-zii')-,  S2{t)  ~  300-1-  551n(7'/L). 
The  passive  scalar  used  has  the  density  p=  1002  gl“F  The  numerical  result 
for  S2{r)  (full  circles)  is  shown  in  insert  with  lin-log  axis,  compared  with  the 
experimental  ones  (empty  circles). 

The  scalar  variance  spectra  Eo{k)  is  expected  to  evolve  as  Eo(k)  ^  -x/jk, 
where  7  is  a  mean  rate  of  strain,  and  x  =  ^''((V^)^)  is  the  scalar  dissipation.  The 
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spectrum  displays  a  range  of  wave-number,  comprised  between  1  and  7  cm"^, 
where  a  law  fairly  holds  (Fig.2.a).  The  range  of  scale  in  which  the  power 
law  is  observed  is  consistent  with  the  scaling  range  developed  by  the  enstrophy 
cascade.  We  now  turn  to  the  measurement  of  the  probability  density  functions 
(PDF)  of  scalar  fluctuations  P{0{x)  -  {0(x))),  a  crucial  quantity  to  consider 
for  comparing  with  theory.  The  PDFs  of  the  quasi  stationary  domain  are  non 
symmetric  and  non  Gaussian,  they  develop  exponential  tails,  on  the  positive  size 
and  Gaussian  behavior,  on  the  negative  one  (Fig. 3. a).  The  tails  seem  controlled 
by  the  fronts,  located  at  the  edges  of  the  tracer  filaments.  These  characteristics 
for  the  PDFs  of  the  concentration  field  are  in  good  qualitative  agreement  with 
the  theoretical  analysis  of  [7,  8]. 

a)  b) 


Figure  3:  a)  Rescaled  distributions  of  the  fluctuations  of  concentration  at  time 
t=8>  s  and  t—16  s.  b)  Rescaled  distributions  of  the  concentration  increments  at 
time  i=16  s  for  three  different  increments  in  the  Batchelor  range.  The  insert 
shows  the  numerical  result  for  the  same  increments  at  the  same  time. 

Another  quantity  of  interest  is  the  standardized  {i.e.  rescaled  so  as  the 
variance  be  unity)  PDFs  of  the  concentration  increments  defined  by: 

AO  =  e{x-\-T) -9(x) 

where  r  is  the  scale.  These  PDFs  appear  self-similar  in  space,  and  roughly 
symmetric  (Fig.3.b);  the  small  increment  region  looks  Gaussian  while  the  tails, 
defined  for  increments  above  one  standard  type  deviation,  may  be  fitted  by 
exponential  functions.  We  thus  have  here  a  Gaussian  bump  with  exponential 
tails,  which  agrees  well  with  the  theoretical  predictions  of  [6,  7,  8].  The  analyse 
of  the  structure  function  of  the  concentration  increments  defined  by 

S,  =  mx  +  r)  -  e(x))"> 

shows  that  there  is  no  clear  power  law,  and  one  may  propose  a  logarithmic  law  for 
representing  S2{r)  (Fig.2.b).  The  fit  formula  for  5-2 (r)  turns  out  to  be  consistent 
with  the  early  proposals  of  Batchelor  [3]  and  Kraichnan  [5].  In  the  framework  of 
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Chertkov  et  al.  [6]  theory  our  fit  formula,  corresponds  to  the  case  where,  in  the 
enstrophy  cascade,  the  logarithmic  corrections  are  small  (which  appears  to  be 
the  case  in  our  experiment  [9]).  We  thus  have  consistency  between  the  theory 
and  the  experiment.  We  will  also  present  new  observations  on  intermittent 
concentration  fields,  obtained  in  the  inverse  cascade  of  energy.  This  experiment 
reveals  a  situation  where  the  tracer  field  is  intermittent  while  the  underlying 
velocity  field  is  close  to  gaussian  at  all  scales;  this  provides  a  physical  support 
to  recent  theoretical  developments  based  on  the  Kraichnan  model.  This  work 
was  supported  by  the  Centre  National  de  la  Recherche  Scientifique,  the  Ecole 
Normale  Superieure  and  the  Universites  Paris  6  and  Paris  7. 
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1  Introduction 

Mixing,  as  suggested  by  our  common  sense,  is  the  operation  by  which  a  system 
evolves  from  one  state  of  simplicity  (the  initial  segregation  of  the  constituents) 
to  another  state  of  simplicity  (the  complete  uniformity  of  the  mixture).  Between 
these  extremes,  complex  patterns  birth,  and  die.  Questions  arise  :  how  can  the 
complex  patterns  geometry  be  characterized,  what  is  the  clock  of  the  process  and 
what  are  the  structures  involved  in  the  flow  ?  Indeed  mixing  is,  in  the  strict  sense, 
a  transient  process  from  the  initial  segregation  to  the  ultimate  homogeneity. 
Transients  call  for  the  understanding  of  the  kinetics,  and  time  scales.  We  first 
focus  on  the  kinetics  of  mixing  from  an  isolated  scalar  source  in  a  turbulent 
flow.  Then,  we  show  how  a  complex  mixture  results  from  the  superposition  of 
elementary  sources.  Both  the  statistical  signature  of  a  single  source,  and  the 
composition  law  between  multiple  sources  are  established  experimentally. 


2  The  single  source  response 

Experiments  are  conducted  allowing  to  follow  an  initially  smooth  and  compact 
blob  of  dye  released  in  a  turbulent  flowalong  its  transient  evolution,  from  the  ini¬ 
tial  segregation,  in  its  route  to  uniformity.  We  inject  continuously  in  the  far  field 
and  on  the  axis  of  a  turbulent  jet  the  scalar  to  be  mixed  via  a  small  tube  whose 
diameter  d  is  smaller  than  the  local  integral  scale  L  (typically  d/L  w  1/10,  see 
figure  1)  and  we  record  the  concentration  signal  at  different  locations  x  down¬ 
stream  of  the  injection  point,  up  to  a  distance  of  the  order  of  the  integral  scale. 
The  injection  point  behaves  neither  as  a  source,  nor  as  a  sink  of  momentum,  in 
the  mean,  and  the  properties  of  the  flow  (stirring  scale  L,  r.m.s.  velocity  u')  are 
constant  in  the  range  of  observation  of  the  mixing  process.  These  experiments 
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Figure  1:  Instantaneous  planar  cuts  of  the  scalar  field  (disodium  fluorescein  in 
water,  Sc  =  2000)  downstream  of  the  injection  point  illustrating  how  a  scalar 
blob,  initially  compact  and  smooth,  is  progressively  converted  into  disjointed 
sheets  with  broad  fluctuations  in  thickness  and  concentration,  d  =  1  cm. Left: 
the  picture  covers  the  region  just  downstream  of  the  injection  tube  0  <  x/d  <  4. 
Right:  farther  downstream  4  <  x/d  <  8. 


involve  three  types  of  scalars,  temperature  in  air  (Sc  =  u/D  =  0.7),  tempera¬ 
ture  in  water  (Sc  =  7)  and  the  concentration  of  disodium  fluorescein  in  water 
(Sc  =  2000)  thus  allowing  the  quantitative  study  of  the  process  sensivity  to  the 
intrinsic  diflusive  molecular  properties  of  the  scalar  being  mixed  (Villermaux 
et  al.  1998  [1]).  The  concentration  fluctuations  Probability  Density  Function 
(PDF)  P  (C)  resulting  from  the  transient  turbulent  mixing  of  the  blob  exhibits 
rapidly  a  decreasing  exponential  shape,  sharpening  in  time 

P  (C)  ~  (7f.s)“^^^exp  where  ~  ^ln(55c)  (1) 

and  is  parametrised  by  a  mixing  time  ts  which  depends  solely  on  the  injection 
time  of  the  blob  in  the  medium^,  on  the  Schmidt  number  Sc,  independently 
of  the  Reynolds  number.  C  denotes  the  scalar  concentration  normalized  to  the 
injection  concentration.  The  geometry  of  the  concentration  field  is  studied  by  a 
laser  induced  fluorescence  technique  on  plane  cuts  through  the  medium.  Global 
features  such  as  the  scalar  dispersion  from  the  source,  as  well  as  the  fine  structure 
of  the  scalar  field  arc  analyzed.  In  particular,  we  define  the  volume  occupied  by 
the  regions  whose  concentration  is  larger  than  a  given  concentration  threshold 
(support  of  the  scalar  field)  and  the  surface  in  which  this  volume  is  embodied 
(boundary  of  the  support).  The  volume  and  surface  extents,  their  respective  frac¬ 
tal  dimensions  are  measured  as  a  function  of  time  t,  and  concentration  threshold 
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normalized  to  the  initial  concentration  Cs  for  different  injection  sizes  d.  All  of 
these  quantities  display  a  clear  dependence  on  t,  d  and  and  their  evolutions 
rescale  with  the  variable 


(-—C 


(2) 


consistently  with  the  dependencies  of  the  mixing  time  (1)  on  d  and  u' .  The 
fractal  dimension  is,  in  addition,  scale  dependent.  The  surface  to  volume  ratio 
and  the  fractal  dimension  of  both  the  volume  and  the  surface  tend  towards 
unity  at  large  reffecting  the  sheet-like  structure  of  the  scalar  at  small  scale 
(Villermaux  and  Innocent!  1999  [2]). 


Figure  2:  Two  sources  disposed  in  the  vicinity  of  each  other,  and  their  individual 
response  are  identical,  given  by  equation  (1),  with  Sc  =  2000,  ut/d  =  17.  The 
continuous  line  represents  the  experimental  compound  PDF,  and  the  dashed  line 
represents  the  convolution  of  the  original  two  PDF’s,  each  associated  to  one  of 
the  sources. 
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3  Multiple  sources 

The  response  of  one  scalar  source  being  established,  the  interaction  of  multiple 
sources  is  also  considered.  Indeed,  scalar  fluctuations  in  a  real  flow,  such  as  those 
found  in  a  hot  turbulent  jet  discharging  in  a  quiescent  cold  environment  are  the 
result  of  cumulated  contributions  from  different  parcels  of  cold  fluid  entrained  at 
the  boundary  of  the  jet  in  the  course  of  its  development.  If  Pi{C)  and  P2{C)  are 
the  PDF’s  of  two  sources  disposed  in  the  vicinity  of  each  other,  the  compound 
PDF  Pj+-2(C')  is  established  experimentally  (figure  2).  In  the  dilluted  limit,  the 
compound  PDF  is  very  close  to  the  convolution  of  the  two  original  sources  i.e. 

Py+.2{C)  =  Pi{C)  0  P.iC),  (3) 

consistently  with  the  linear  character  of  the  scalar  evolution  equation.  We  ex¬ 
tend  this  result  to  the  turbulent  jet  problem,  for  which  we  show  that  the  scalar 
fluctuation  PDF  on  the  centerline  can  be  decomposed  in  well  defined  elementary 
contributions. 


4  Conclusions 

These  findings,  which  offer  an  original  picture  of  the  kinetics  of  turbulent  mixing, 
also  suggest  that  a  complex  mixture  can  be  understood  as  the  superposition  of 
the  contributions  of  sources,  whose  spatial  distribution  reflects  the  entrainment 
properties  of  the  flow. 
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1  Introduction  and  Mathematical  Formulation 

Scalar  mixing  in  a  turbulent  flow  is  characterized  by  a  wide  range  of  time  and 
length  scales,  over  which  a  variety  of  physical  mechanisms  take  placet^].  The 
scalar  evolution  is  driven  by  the  velocity  field  and  involves  convection,  random 
straining  and  rotation,  and  molecular  transport. 

Much  effort  has  been  invested  in  the  past  years  to  describe  and  understand 
the  scalar  phenomena  in  turbulent  flows  using  data  from  Direct  Numerical  Sim¬ 
ulations  (DNS)t^’  That  work  has  been  generally  focused  on  the  scaling  of 
intermittency  of  the  scalar-related  magnitudes,  the  study  of  statistical  correla¬ 
tions  between  the  scalar  and  velocity  fields  and  also  in  the  description  of  the 
effect  of  the  velocity  field  coherent  structures  on  the  scalar  features. 

The  work  presented  here  intends  to  introduce  a  new  point  of  view  to  study  the 
scalar  mixing  processes.  Given  a  pair  of  variables  of  interest,  the  method  consists 
in  using  conditional  averages  of  their  transport  equations  to  obtain  an  averaged 
dynamical  system  in  the  2-D  phase  space  associated  to  these  variables.  This  idea, 
introduced  by  Martn  et  for  the  study  of  the  velocity  gradient  invariants, 
permits  to  describe  the  joint  evolution  of  any  pair  of  variables  in  a  simple,  direct 
way.  The  technique  is  also  useful  to  isolate  the  effect  of  each  equation  term  on  the 
global  dynamics,  enabling  to  understand  the  role  of  its  corresponding  physical 
mechanism.  The  mathematical  formulation  of  this  method  follows:  given  a 
pair  of  variables  X  and  T,  the  time  derivatives  X  =  dX/dt  and  Y  =  dY/dt, 
at  each  point  of  the  phase  space  {X,Y),  are  calculated  from  the  DNS  data. 
This  is  carried  out  taking  conditional  averages  of  the  right  hand  sides  of  the 
corresponding  transport  equations.  This  is  expressed  as 


x(x,r) 


(1) 
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dt 


x,y 


(2) 


The.  vector  (X(X,Y),  T(X,Y))  is  the  velocity  at  each  point  of  the  phase  space. 
Eqs.  (1)  and  (2)  constitute  a  dynamical  system,  since  the  velocity  depends  solely 
on  the  coordinates  (A",  Y).  It  must  be  noticed  at  this  point  that  this  dynamical 
system  is  time  dependent,  since  the  statistics  of  the  scalar  field  is  evolving  with 
time.  This  fact  raises  the  need  of  further  investigation  on  how  the  resulting 
scalar  dynamics  changes  with  time  and  also  suggests  to  search  for  self-similarity 
and  universal  behavior. 


2  Numerical  experiments  and  Results 

Data  fields  from  128^  DNS  runs  for  an  inert  scalar  have  been  used  in  this  work. 
The  velocity  field  is  forced  and  a  Reynolds  number  Rex  ^  47  is  reached.  This 
low  R,ex  has  been  taken  to  guarantee  a  proper  numerical  resolution  of  the  high 
order  scalar  derivatives  required  for  the  calculations.  The  value  of  the  Schmidt 
number,  Sc,  is  1.0.  The  initial  scalar  distribution  is  a  double  Dirac  delta  with 
peaks  at  the  boundaries  0  and  1.  The  results  presented  here  correspond  to  a 
time  when  the  scalar  pdf  has  relaxed  to  a  nearl}^  uniform  distribution,  but  still 
with  two  peaks  near  the  extreme  values,  0  and  1. 

Figure  1  displays  the  dynamical  system  resulting  for  the  phase  plane  scalar 
fluctuation-diffusion  term,  (c,DV^c).  Figure  2  shows  the  result  for  the  square 
scalar  fluctuation-scalar  dissipation  rate  phase  plane,  (c^,ec).  The  joint  pdfs  are 
also  depicted  using  isocontoiirs  in  log-scale.  Mean  trajectories  can  be  calculated 
from  the  vector  fields.  These  trajectories,  not  shown  here,  indicate  the  most 
probable  evolution  for  the  variables,  given  the  initial  values.  The  (c,  DV"c) 
plane  presents  a  stable  focus  at  the  origin,  with  points  moving  clockwise  spirally 
until  they  reach  the  center.  It  can  be  observed  that  points  with  large  values  of 
diffusion  change  the  sign  of  the  scalar  fluctuation  before  it  becomes  zero.  The 
{(Y,ec)  plane  shows  that  points  with  large  initial  square  fluctuations  strongly 
increase  a  moderately  small  value  of  the  dissipation;  the  larger  the  values  of 
the  scalar  fluctuation  and  of  the  dissipation  rate,  the  larger  that  increment  is. 
On  the  contrary,  for  small  values  of  the  scalar  dissipation  is  a  monotonically 
decreasing  magnitude. 

The  quantity  -2DSijc,iC,j,  which  appears  in  the  transport  equation  of  ec, 
is  a  production  term  responsible  for  amplification  of  the  local  scalar  dissipation 
rate.  It  is  well  known^^^  that  this  fact  is  due  to  the  alignment  of  the  scalar 
gradient  vector  with  the  principal  axis  of  the  strain  corresponding  to  its  negative 
eigenvalue  7.  Similarly  to  the  stretching  rate  a  =  SijUiUj ,  used  for  the 
vorticity  dynamics,  a  “scalar  gradient  stretching  rate”  can  be  defined  as  nve  = 
SijC,iC,j  lc,kc,k-  This  magnitude  indicates  the  (positive  or  negative)  rate  of 
change  of  the  local  scalar  dissipation  due  to  the  turbulence  straining  action.  It 
should  be  noticed  here  that  a  negative  value  of  avc  implies  amplification  of  Cc, 
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Figure  1:  Averaged  dynamical  system 
resulting  in  the  phase  plane(c,  DV'^c) 


Figure  2:  Result  in  the  plane  (c‘^,ec) 


while  positive  values  imply  a  reduction.  Figure  3  shows  the  dynamics  in  the 
plane  (crvc,  ^c)  from  the  DNS  data.  The  result  indicates  that  in  almost  any  case, 
the  magnitude  of  avc  increases,  this  effect  being  larger  for  negative  values  than 
for  positive  ones.  The  scalar  dissipation  increases  in  a  slow  but  systematic  way 
in  all  points  of  the  semiplane  (Jvc  <  —6.0,  and  has  a  fast  decay  in  the  right 
semiplane. 


scalar  gradient  stretching  rate 

Figure  3:  Phase  plane  (crvc^c) 


Q 

Figure  4;  Phase  plane  (Q,  Ec) 


The  effects  of  vorticity  and  strain  on  the  scalar  mixing  have  been  studied 
considering  the  phase  planes  (Q,c^)  and  (Q,ec).  The  second  invariant  of  the 
velocity  gradient  tensor,  Q  =  Qs,  gives  a  quantitative  estimation  of  the 
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local  balance  bet, ween  rotation  (Qw  =  and  strain  (Qs  —  SijSijl2). 

The  result  in  the  plane  not  shown,  indicates  that  the  square  scalar 

fluctuations  decrease  for  ail  values  of  Q,  being  this  process  enhanced  in  the  left 
semiplane  (Q  <  0)  corresponding  to  high  strain  and  low  vorticity  regions  of  the 
flow.  This  is  consistent  with  the  result  in  Figure  4,  where  Cc  is  found  to  increase 
strongly  for  large  strain  values  (Q  <  0),  while  it  is  progressively  reduced  as 
the  strain  diminishes  and  the  vorticity  dominates  the  balance  (Q  >  0).  Both 
processes,  the  increase  of  the  scalar  dissipation  in  the  left  semiplane  and  the 
reduction  in  the  right  one,  are  enhanced  for  large  values  of 


3  Conclusions 

•  A  new  method  for  the  study  of  the  scalar  mixing  in  turbulence  has  been 
introduced.  The  averaged  joint  dynamics  of  any  pair  of  variables  results 
from  their  transport  equations  by  the  use  of  conditional  averages. 

•  The  method  permits  the  analysis  of  different  mechanisms  in  the  scalar 
evolution.  The  effects  of  the  local  motions  topology  along  the  mixing 
process  can  be  also  described  and  visualized  in  an  explicit  way. 

•  The  averaged  dynamical  systems  obtained  are  time-dependent  due  to  the 
non-stationary  nature  of  the  scalar  field.  Further  work  is  needed  to  analyze 
the  implications  of  this  time  evolution. 


References 

[1]  Dopazo,  C.  1994.  “Recent  Developments  in  PDF  methods”.  In  Turbulent 
'reacting  flows,  Eds.  Libby,  P.A.  and  Williams,  F.A.,  Ch  7,  375,  Academic 
Press. 

[2]  Kerr,  R.M.  1985.  “Higher-order  derivative  correlations  and  the  alignment 
of  small-scale  structures  in  isotropic  numerical  turbulence” ,  J.  Fluid  Mech. 
153(31). 

[3]  Arhurst,  W.T.,  Kerstein,  A.R.,  Kerr,  R.M.,  and  Gibson,  C.H.  1987.  “Align¬ 
ment  of  vorticity  and  scalar  gradient  with  strain  rate  in  simulated  Naviei- 
Stokes  turbulence”,  Ph'ijs.  Fluids  A,  8(30),  2343-2353. 

[4]  Ruestch,  G.R.  and  Maxey,  M.R.  1991.  “Small-scale  features  of  vorticity  and 
passive  scalar  fields  in  homogeneous  isotropic  turbulence”,  Phys.  Fluids  A, 
3(6),  1587-1597. 

[5]  Martin,  J.,  Ooi,  A.,  Chong,  M.S.  and  Soria,  .1.  1998.  “Dynamics  of  the 
velocity  gradient  tensor  invariants  in  isotropic  turbulence”,  Phys.  Fluids, 
10(9),  2336-2346. 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Inclusion  of  the  effect  of  turbulent 
production  in  a  generalization  of 
Yaglom’s  equation 

L.  Danaila^  and  L.  Mydlarski^ 

^I.R.P.H.E. 

12  Avenue  General  Leclerc,  13003  Marseille,  FRANCE 
■^McGill  University  -  Department  of  Mechanical  Engineering 
817  Sherbrooke  Street  West,  Montreal,  Quebec,  H3A-2K6,  CANADA 

Contact  e-mail:  laurentm@mecheng.mcgilLca 

1  Introduction 

In  1949,  Yaglom[l]  derived  an  equation  for  the  passive  scalar  field  (analogous  to 
that  derived  by  Kolmogorov  for  the  velocity  field)  relating  the  third-order  mixed 
structure  function,  the  second-order  scalar  structure  function  and  the  rate  of 
destruction  of  temperature  half  variance: 

-(Aui(A0f )  +  2K^^{(A0r-)  =  (1) 

where  9  is  the  fluctuating  temperature  field,  (•)  denotes  time  averaging,  the 
longitudinal  velocity  increment  Aui  =  ui{xi  H- r)  -  ui{xi)  is  measured  along 
the  stream-wise  direction,  xi,  {eo)  —  ^((^)^)  includes  temperature  derivatives 
in  all  directions  and  /c  is  the  scalar  molecular  diffusivity. 

Yaglom’s  equation  can  be  considered  to  be  a  scale-by-scale  budget  of  the  tem¬ 
perature  variance.  It  is  of  capital  importance  to  the  study  of  turbulence,  being 
the  only  relationship  directly  deduced  from  the  advection-diffusion  equation  for 
temperature.  Recently,  Danaila  et  al.[2]  derived  a  generalized  form  of  Yaglom’s 
equation  which  accounts  for  the  effects  of  the  non-stationarity  of  second-order 
moments  in  decaying  flows  such  as  grid  turbulence,  jets  and  wakes.  This  new 
equation  was  tested  and  well  verified  (±10%)  in  heated  grid  turbulence. 

The  aim  of  the  present  work  is  to  account  for  the  effect  of  turbulent  produc¬ 
tion  of  temperature  fluctuations  (arising  from  the  presence  of  a  mean  temper¬ 
ature  gradient)  in  an  equation  of  the  form  (1).  The  flow  under  consideration 
is  decaying  grid  turbulence  with  an  imposed  mean  temperature  gradient  (Myd- 
larski  and  Warhaft  [3]).  Temperature  fluctuations  are  created  by  the  (large-scale) 
mean  temperature  gradient,  G,  in  the  xs  direction. 


187 


188 


L.  Danaila  and  L.  Mydlarski 


To  this  end,  a  further  generalized  form  of  Yaglom’s  equation  (incorporating 
the  effects  of  decay  and  production)  is  developed  and  compared  with  experi¬ 
mental  data.  The  philosophical  approach  consists  of  studying  the  role  played 
by  the  mean  temperature  gradient,  a  large-scale  anisotropy,  in  the  scale-by-scale 
budget  of  the  temperature  variance  (Yaglom’s  equation). 


2  Theory  and  Results 

For  the  flow  under  consideration,  we  start  from  the  advection-diffusion  equation, 
written  at  a  point  in  space,  x: 

^  +nWTG'n3  =  (2) 

at 

where  the  gradient  vector  V  =  [dldxi^d/dx2tdldx-;{)  and  is  the  Laplacian. 
G  is  in  the  xs  direction.  We  then  write  the  same  equation  for  another  point  in 
space,  .?;+(=  .7;  +  ?^.  By  subtracting  (2)  from  the  equation  at  multiplying 
the  result  by  2Af6>(=  2{9(x  y  -  ^(.77)))  and  spatially  averaging,  one  obtains: 

7-((A,-r6l)-)  +  V,F(A,-ru(Ar0)')  +  2G(ArH3A,-r(9)  =  2KV^({Afef)  -  4.(fo),  (3) 

where  A.f  denotes  a  difference  between  a  value  measured  at  x  -f  and  its  value 
at  X.  Note  that  Eq.  (3)  assumes  homogeneity  of  the  passive  scalar  field  when 
transforming  spatial  derivatives  V  to  V,-r  =  (d/dvi).  In  an  isotropic  passive  scalar 
field,  {Apii.2Afd)  should  be  zero,  whereas  in  the  flow  investigated  here,  both  the 
non-stationary  term  d/dt((A.rOy^)  and  the  production  term  2G{AfU3AfO)  are 
non-zero.  In  the  limit  of  7^~>  cxd,  Eq.  (3)  reduces  to  the  one-point  temperature 
variance  budget,  where  the  temperature  dissipation  (eo)  is  balanced  by  both  the 
decay  and  the  production  (Giu^O))  of  temperature  variance. 

We  proceed  to  consider  the  turbulent  advection  and  molecular  diffusion 
terms.  Since  they  correspond  to  the  small-scale  motions,  we  assume  they  are 
locally  isotropic  and  will  therefore  only  depend  on  the  modulus  r  =  |7^.  For 
simplicity,  we  measure  r  along  the  .7;i-axis.  The  decay  term  is  a  large-scale, 
non-homogeneous  term  (see  [2]  for  further  physical  explanations),  but  can  also 
be  considered  as  depending  solely  on  r  (since  it  involves  second-order  structure 
functions).  The  production  term  V  =  2G{AfU3AfO)  is  not  isotropic.  However, 
in  the  limit  of  large  scales,  the  directional  differences  in  this  term  disappear, 
since  =  dGi'UsO),  regardless  of  the  orientation  of  f.  For  small 

scales,  the  value  of  'P  depends  slightly  on  the  spatial  direction.  However,  the 
contribution  of  V  to  equation  (3)  decreases  with  scale  size.  Therefore,  it  is  a 
reasonable  approximation  to  evaluate  V{7^  using  only  one  spatial  direction  (.ti), 
since  its  contribution  is  significant  only  at  large  scales. 

A  derivation  similar  to  that  of  Yaglom[l]  (see  also  Danaila  et  aL[2])  then 
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results  in  a  generalized  form  of  Yaglom’s  equation: 


+  2K^((Ad)^)  fy^-  [2G(Au3  •  A0)(!/)]  dy 
dr  Jq 


1 


r 


.2 


Ui 


d 

dxi 


(4) 


where  y  \s  a  dummy  variable  representing  the  separation  in  the  longitudinal 
direction,  xi.  All  terms  are  then  obtained  using  simultaneous  measurements  of 
two-velocity  components  (^1,^3)  and  of  temperature. 

This  equation  includes  the  effects  of  the  non-stationarity  of  second-order 
moments  and  the  large-scale  anisotropy  (viz.  the  mean  temperature  gradient  in 
the  X’s-direction).  We  rewrite  (4)  in  the  form: 


A  -l-  .B  +  iSi  4-  5*2  —  C, 


(5) 


where  the  terms  A,  B  and  C  are  the  terms  from  Yaglom’s  equation  (A  +  B  =  C), 
Si  is  a  source  term  arising  from  the  mean  temperature  gradient  and  S2  is  a  source 
term  arising  from  the  non-stationarity  of  the  second-order  moments.  Figure  1 


Figure  1:  Non-dimensionalized  measurements  of  the  terms  in  the  generalized 
form  of  Yaglom’s  equation  (4)  ((A  +  B  -f  5i  +  52) /C  =  1).  The  sum  of  A/C 
(dashed  line)  and  B/C  (dot-dashed  line)  -  Yaglom’s  original  equation  -  is  rep¬ 
resented  by  o.  The  Si/C  source  term  is  given  by  x,  —  52/C  by  and  their  sum 
(5/C  =  (5i  -I-  52)/C)  by  □.  The  sum  of  all  the  terms  ((A  +  B  +  5)/C)  is  given 
by  o. 

displays  the  terms  comprising  (4)  as  determined  from  the  grid  turbulence  data  of 
Mydlarski  and  Warhaft[3]  for  Rx  ~  200.  It  can  be  seen  that  Yaglom’s  equation 
(A/C  -t-  B/C  =  1)  is  poorly  verified  for  r/r]  >  40,  while  the  generalized  form 
of  Yaglom’s  equation  (4)  is  verified  over  a  much  larger  range  of  scales.  The 
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difference  between  experiment  and  theory  of  about  15%  (below  the  theoretical 
prediction  of  1.0)  is  due  to  the  anisotropic  nature  of  the  scalar  dissipation  rate 
in  flows  with  mean  temperature  gradients[3,  4]. 

The  source  terms  Si  and  ^2  are  significant  at  large  scales  (and  decrease  in 
magnitude  with  decreasing  scale  size).  The  production  term  Si  (which  results 
from  the  mean  temperature  gradient)  is  about  3  times  more  important  than  S2 
at  the  largest  scales.  (However,  in  decaying  grid  turbulence  (heated  without  a 
mean  gradient  by  means  of  a  mandoline)  a  term  such  as  S2  is  the  only  “source 
term”  present.)  Here,  term  52  is  negative,  since  temperature  fluctuations,  under 
the  effect  of  G,  continuously  increase  in  .x*i. 


3  Conclusions 

We  have  derived  a  generalized  form  of  Yaglom’s  equation  for  the  case  of  decaying 
grid  turbulence  with  an  imposed  mean  temperature  gradient.  The  large-scale 
motion  is  characterized  by  two  phenomena:  the  decaying  effect  behind  the  grid 
and  the  production  of  temperature  fluctuations  due  to  the  presence  of  the  mean 
temperature  gradient,  G.  These  physical  effects  are  mathematically  expressed 
as  two  new  terms  in  Yaglom’s  equation.  Equation  (4)  is  well  satisfied  over  an 
extended  range  of  scales,  particularly  so  for  the  very  large  scales.  This  result 
emphasizes  the  role  played  by  the  large-scale  motion,  decomposed,  here,  into  two 
different  effects.  However,  it  is  obvious  that  the  persistent  anisotropy  alread}^ 
noticed  at  very  small  scales  in  such  a  flow  can  not  be  “solved”  nor  explained  by 
such  an  approach,  and  this  problem  requires  further  efforts. 

Funding  for  this  work  was  provided  by  FCAR,  NSERC  and  the  USDOE 
(Basic  Energy  Sciences).  L.  D.  gratefully  acknowledges  support  received  by 
means  of  a  “Bourse  d’Excellence  du  Gouvernement  du  Quebec.”  F.  Ansehnet, 
A,  Pumir,  R.  Antonia,  Z.  Warhaft  and  E.  Lindborg  are  also  thanked  for  fruitful 
discussions. 
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Recent  experiments  of  Weisberg  et  al.  (1997)  have  demonstrated  that  the 
onset  of  the  centrifugal  instability  leading  to  Taylor  vortex  flow  can  be  delayed 
by  harmonic  oscillations  of  the  inner  cylinder  in  the  axial  direction.  Marques  k 
Lopez  (1997,  2000)  used  Floquet  analysis  to  describe  the  observed  control  of  the 
instability  over  a  wide  range  of  frequencies  and  amplitudes  of  this  oscillation; 
the  dynamics  remained  axisymmetric  and  the  response  to  the  applied  periodic 
control  mechanism  was  synchronous  over  an  extensive  range  of  parameters.  Here 
we  implement  an  accurate  and  efficient  spectral-projection  scheme  for  solving  the 
fully  nonlinear  axisymmetric  Navier-Stokes  equations  to  examine  the  effects  of 
end  walls  on  the  flow  dynamics  and  the  breaking  of  space-time  symmetries. 

We  present  a  numerical  study  of  a  periodically  forced  centrifugally  unsta¬ 
ble  flow,  well  into  the  nonlinear  regime.  For  the  physically  realistic  case  of 
finite  length  annulus,  the  endwalls  and  the  finite  aspect  ratio  of  the  annulus 
are  dynamically  important.  These  nonlinear  effects  are  investigated  with  a  very 
efficient  and  accurate  spectral-projection  method  for  solving  the  fully  nonlinear 
axisymmetric  Navier-Stokes  equations.  Attention  is  focused  on  the  axisymmet¬ 
ric  states,  guided  by  the  results  of  the  fully  three-dimensional  Floquet  analysis, 
and  two  scenarios  are  considered:  the  forcing  amplitude  Re  a  or  the  Couette  flow 
Reynolds  number  Rei  are  varied  while  keeping  other  parameters  fixed. 


1  Multiple  solutions 

At  a  set  value  of  Re,  =  200  and  reducing  from  100  to  50,  the  nonlinear 
response  of  the  system  was  synchronous  with  the  forcing  frequency.  The  flow 
undergoes  a  smooth  transition  from  a  flow  with  essentially  no  axial  variation, 
other  than  near  the  endwalls,  for  Re,,  >  80,  to  a  state  with  Taylor  cells  for  Rca  < 
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Figure  1:  Bifurcation  diagram  showing  multiple  solution  branches  as  B,ea  is 
varied,  for  Rci  =  200  and  w/  =  30.  The  quantity  G  is  a  measure  of  the  flow 
state’s  axial  variation. 

70.  As  Roa  is  further  reduced,  additional  solution  branches,  all  synchronous  with 
the  forcing,  are  encountered  (sec  Fig.  1).  The  existence  of  multiple  flow  states 
with  differing  hmgth  scales  is  typical  of  pattern  forming  systems  in  enclosed 
regions. 

2  Naimark-Sacker  route  to  chaos 

When  R.ea  was  fixed  and  Re.;  increased,  we  encountered  a  Naimark-Sacker  bi¬ 
furcation  leading  to  flow  on  a  2-torus.  The  solution  subsequently  followed  a 
Ruelle-Takens  route  to  chaos,  in  this  case  through  a  1:9  resonance  horn.  A  sep¬ 
arate  stable  branch  of  3-tori  solutions  that  appear  via  a  global  bifurcation  has 
also  been  found.  Over  a  range  of  parameters,  there  co-exist  at  least  thiec  dis¬ 
tinct  quasii)criodic  stable  states  (see  Fig.  2).  The  numerical  results  suggest  that 
these  bifurcation  sequences  are  physically  related  to  the  the  coupling  between 
the  Taylor-Stokes  vortices  and  the  end  wall  Ekman  vortices. 
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Figure  2:  Bifurcation  diagram  as  Rci  is  varied  with  Rca  =  80  and  Uf  -  30. 
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(a)  Rci  =  281  {b)  Rci  =  282  (c)  Re-,  =  285 


Figure  3:  Poincare  maps  for  Rca  =  80,  ujj  =  30,  e  =  0.905,  A  =  10,  and  Rei  as 
indicated.  For  the  locked  case  of  Rci  -  282,  the  order  in  which  the  trajectory 
passes  through  the  Poincare  map  is  indicated. 


By  Rci  =  281,  a  Naimark-S acker  bifurcation  has  occurred.  The  limit  cycle 
behavior  observed  at  the  lower  Rci  has  given  way  to  a  2-torus.  The  corresponding 
Poincare  map  (Fig.  3a)  clearly  shows  the  presence  of  an  invariant  circle.  Note 
that  the  trajectory  on  the  circle  is  not  uniform,  but  shows  the  typical  bottleneck 
behavior  associated  with  a  nearby  saddle-node  bifurcation.  The  two  frequencies 
cOg  and  ujf  are  close  to  a  1:9  resonance,  and  hence  the  bottleneck  behavior. 
Increasing  Ra  to  282,  the  solution  branch  undergoes  a  saddle-node  bifurcation 
as  it  enters  a  1:9  resonance  horn  (see  Fig.  35,  where  the  order  in  which  the 
iterates  of  the  map  appear  is  indicated).  The  ordering  is  a  strong  indication 
that  the  locking  is  1:9,  rather  than  n:9  with  n  >  1.  Increasing  Rci  beyond 
282,  the  solution  leaves  the  1:9  resonance  horn,  and  by  =  285  behavior 
characteristic  of  chaos  is  observed.  The  Poincare  map  shows  clear  evidence  of 
the  breakup  of  the  2-torus  (Fig.  3c). 


3  Three-tori  solutions 

We  have  located  a  range  (Ri  G  [280.89,281.26])  where  stable  3-tori  solutions 
co-exist  (with  ujvlf  «  Over  the  range  of  Ri  where  3-tori  solutions 

exist  the  period  associated  with  the  third  frequency,  Tyip  =  experi¬ 

ences  dramatic  changes  over  this  range,  as  shown  in  Fig.  4.  There  are  two  Ri 
values  where  Tvlf  becomes  unbounded.  Infinite-period  bifurcations  are  usually 
associated  with  homoclinic  or  heteroclinic  behavior. 

The  range  of  Ri  where  3-tori  exist  consisting  of  two  branches;  for  Rihet  < 
Ri  <  Rihom  there  is  a  single  symmetric  3-torus  and  for  Ri  >  Rihom  a  pair  of 
non-syrnmetric,  but  symmetrically  related,  3-tori.  The  first  branch  starts  in  a 
hetero clinic  bifurcation  and  is  related  to  the  second  branch  via  a  homoclinic 
bifurcation  at  Ri  =  Rihom-  In  this  homoclinic  bifurcation  a  symmetric  3-torus 
splits  in  two  symmetrically  related  3-tori.  We  have  found  for  the  first  time  a 
gluing  bifurcation  of  3-tori  in  a  real  fluid  system.  This  bifurcation  sequence  is 
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Figure  4:  Variation  of  Tylf  =  with  Ri. 


shown  in  Fig.  5. 


Figure  5:  Schematic  of  the  bifurcation  sequence  for  the  3-tori  solutions.  In  this 
schematic,  2- tori  arc  represented  as  fixed  points  and  3- tori  as  cycles. 

This  work  was  supported  by  NSF  grants  DMS-9706951  and  INT-9732637, 
and  SEEUID  grants  PB97-0685  and  PR1999-0272. 
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1  Introduction 

Previous  works  [1]  have  shown  that  the  nonlinear  evolution  of  wavepackets  in 
boundary  layers  involves  the  appearance  of  modes  with  frequency  close  to  the 
subharmonic  frequency  of  the  fundamental  waves.  More  recent  work  has  also 
shown  that,  in  the  case  of  the  wavepackets,  subharmonic  resonance  alone  cannot 
explain  the  experimental  observations  [2].  The  current  paper  presents  an  exper¬ 
imental  investigation  of  the  effect  of  different  degrees  of  streamwise  modulation 
on  the  nonlinear  evolution  of  wavetrains. 


2  Experimental  Set-Up  and  Precedures 

The  experiments  were  carried  out  in  the  low  turbulent  wind  tunnel  of  the  Uni¬ 
versity  of  Cambridge  F  The  free-stream  velocity  was  set  to  17.4m/s.  The 
disturbances  were  introduced  by  an  acoustic  point  source  located  on  the  cen¬ 
treline  of  the  plate  at  203mm  from  the  leading  edge.  The  Rs  at  that  loca¬ 
tion  was  about  800.  Measurements  of  the  streamwise  velocity  were  taken  with 
a  constant-temperature  hot-wire  anemometer  mounted  on  a  three-dimensional 
traverse  gear.  The  last  downstream  station  was  at  Rs  about  2000.  The  signal 
to  noise  ratio  was  improved  by  repeating  the  disturbance  128  times  for  each 
measuring  position  and  taking  the  ensemble  average  of  the  hot-wire  records. 

^Now  located  at  the  Queen  Mary  and  Westfield  College,  London 
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3  Experimental  Results  and  Discussion 

Ficure  1  (top  framG)  displays  hot-wire  records  taken  along  the  centerline  ot 
the  plate  at  a  number  of  distances  from  the  leading  edge.  The  figure  shows 
a  comparison  of  the  evolution  ot  wavetrains  subjected  to  different  degrees  of 
modulation.  The  different  degrees  of  modulation  are  indicated  by  a  letter  from 
A  to  F  Signal  A  corresponds  to  a  three-dimensional  wavetrain  long  enough 
that  its  central  part  behaved  like  a  continuous  one.  In  the  nonlinear  regime  the 
wavetrain  A  displays  a  large  mean  flow  distortion.  This  mean  flow  distortion 
has  also  been  observed  in  numerical  experiments  with  harmonic  point  sources 
[3].  It  displays  a  three-dimensional  pattern  in  the  form  of  longitudinal  streaks. 
This  phenomenon  has  been  linked  to  the  production  of  longitudinal  vorticity  via 
Reynolds  stress  interaction.  In  Fourier  space,  figure  2  (top  frame),  the  mean 
flow  distortion  appears  as  a  very  low  frequency  signal. 

In  figure  I  (top  frame),  signal  (F)  is  a  wavepacket  generated  from  a  pulse.  In 
the  physical  space  the  nonlinearity  of  the  packet  is  characterized  by  the  loss  o 
a  ripple.  In  Fourier  space,  figure  2,  this  corresponds  to  the  appearance  of  modes 
close  to  the  subharmonic. 

When  a  small  degree  of  modulation  is  introduced  to  the  wavetrain,  signals  B, 
C  and  D,  a  mean  flow  distortion  is  still  observed,  albeit  only  very  localized.  The 
results  tend  to  suggest  that  increasing  degrees  of  modulation  produce  an  increas¬ 
ingly  localized  mean  flow  distortion.  The  picture  displays  a  pattern  linking  the 
mean  flow  distortion  of  the  wavetrain  to  the  loss  of  a  ripple  m  the  wavepacket. 
In  Fourier  space  the  more  localized  mean  flow  distortion  is  represented  by  a 
broader  band  of  low  frequency  components,  figure  2. 

It  is  plausible  that  a  highly  localized  mean  flow  distortion  would  include 
spectral  modes  with  frequencies  close  to  the  subharmonic  of  the  fundamental 
frequencies  of  the  packet.  This  led  to  the  conjecture  that  the  mean  flow  dis¬ 
tortion  observed  in  three-dimensional  wavetrains  might  provide  the  seed  foi  the 
subharmonic  resonance  in  the  packet. 

Medeiros  and  Gaster  [1]  have  shown  that  the  nonlinearity  in  the  packet  is 
affected  by  the  phase  of  the  ripples  relative  to  the  envelope.  The  bottom  frame 
of  both  figures  I  and  2  display  signals  which  are  shifted  by  180°  with  respect  to 
the  signals  of  the  top  frame.  They  were  produced  by  driving  the  acoustic  source 
with  an  excitation  identical  to  that  of  the  top  frames,  but  negative.  The  pictures 
confirm  previous  results  [1]  and  suggest  that  the  packets  of  opposite  sign  display 
different  degrees  of  nonlinearity.  It  is  also  conjectured  that  this  is  linked  to 
the  fact  the  phase  relation  between  the  subharmonic  seed  and  the  fundamental 
oscillations  is  be  different  in  each  case.  The  phase  relation  is  known  to  have  an 
important  effect  on  the  resonant  interaction. 

Aknowledgedments:  part  of  the  work  was  supported  by  CNPq/Brazil  and  an 
ORS  Award  from  UK. 
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Figure  1:  Evolution  of  waves  with  different  degrees  of  modulation.  Measure¬ 
ments  taken  along  the  centerline  of  the  plate  at  y  =  0.6(5*  .Top  frame  corresponds 
to  a  positive  excitation  and  bottom  frame  to  a  negative  one. 
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Abstract 

The  process  of  forced  flow  reattachment  to  an  adjacent  inclined  surface  (a 
“generic  flap”)  was  investigated.  The  flap  deflection  was  set  at  angles  that 
exceeded  the  natural  separation  angle  and  then  periodic  perturbations  were  in¬ 
troduced  into  the  flow  at  the  flap  shoulder.  This  caused  the  separated  mixing 
layer  to  progressively  adhere  to  the  flap  surface.  The  primary  objective  of  the 
study  was  to  investigate  the  transient  process  and  to  assess  the  role  of  its  govern¬ 
ing  parameters,  such  as:  flap  deflection  angle  in  excess  of  natural  reattachment 
A  =  {Sf—  reduced  frequency  of  the  periodic  perturbations,  F+  =  fU/Lf\ 
and  perturbation  amplitude  defined  in  terms  of  oscillatory  momentum  coeffi¬ 
cient  <  >.  It  was  found  that  reattachment  involves  an  incremental  decrease 

in  the  pressure  coefficient  along  the  flap  due  to  the  passage  of  discrete  vortices 
induced  by  the  oscillatory  forcing.  The  shortest  time  required  for  reattachment 
is  achieved  by  forcing  at  1.2  <  F+  <  1.6.  This  is  comparable  to  the  most  effi¬ 
cient  F+  in  attaching  the  flow  with  minimum  <  c^t  >  •  The  forcing  intensity  did 
not  appear  to  affect  the  minimum  attachment  time  provided  a  threshold  value 
of  <  >  was  exceeded.  The  number  of  perturbation  cycles,  Natt^  required  to 

reach  a  steady  state,  depends  upon  the  reduced  frequency  and  the  flap  angle  but 
it  was  always  greater  than  10.  A  positive  pressure  perturbation  associated  with 
the  first  impingement  of  the  rolled-up  vortex  onto  the  surface  was  observed.  Its 
scale  was  almost  independent  of  the  excitation  frequency. 

1  Results  and  Discussion 

The  experimental  setup  is  described  by  Nishri  &  Wygnanski  (”The  Effect  of  Pe¬ 
riodic  Excitation  on  Turbulent  Flow  Separation  from  a  Flap”,  AIAA  J.,  36:547- 
556,  1998). _ 
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The  normal  aerodynamic  force  Cn  acting  on  the  flap  does  not  reflect  the 
detailed  nature  of  reattachment.  However,  it  is  a  good  indicator  of  the  different 
stages  of  reattachment  and  is  used  to  define  the  final  reattachment  time  Tatt, 
described  below.  Figure  1  represents  a  typical  evolution  of  the  ensemble-averaged 
Cn  throughout  the  reattachment  process,  starting  from  the  initiation  of  the 
excitation  {t  =  0),  when  the  latter  was  not  synchronized  with  the  phase  of  the 
excitation.  For  all  data  presented  in  this  paper,  time  was  non-dimensionalized 
by  the  free  stream  velocity  (U)  and  the  flap-chord  (T/),  as  r  =  tU/Lf.  The 
prevailing  conditions  were:  Re  =  165,000,  <  c^t  >=0.05  %  and  A=4  . 

It  is  apparent  that  the  initial  stage  during  which  the  normal  force  is  be¬ 
ing  built  up  is  independent  of  the  excitation  frequency.  At  this  initial  stage,  a 
decrease  in  Cn  is  observed  and  its  temporal  record  is  independent  of  the  fre¬ 
quency  for  all  cases  measured.  However,  as  r  exceeds  a  value  of  about  5,  the 
rate  at  which  the  flow  reattaches,  and  therefore  Cn  increases,  becomes  lower 
with  increasing  F+.  Apart  from  a  peculiarity  observed  at  the  lowest  frequency 
considered  (i.e.  in  the  ^""*”=0.64  case),  where  the  build  up  in  Cn  occurred  in  two 
distinct  steps,  all  higher  frequencies  exhibit  an  almost  linear  increase  in  Cn  with 
time. 

The  distinction  between  the  two  stages  of  reattachment  and  the  role  of  F'^ 
in  this  process  may  be  deduced  from  Figures  2a-d,  that  show  the  dimensionless 
pressure  {Cp)  distributions  for  two  of  the  cases  considered  in  figure  1.  The  tran¬ 
sient  decrease  in  Cn  after  the  initiation  of  the  disturbance  is  the  lesult  of  a  roll¬ 
up  of  the  coherent  structures,  generated  (or  amplified)  in  the  separated  mixing- 
layer,  which  had  been  strengthened  by  the  introduction  of  the  periodic  excita¬ 
tion.  These  structures  may  have  paired  or  undergone  a  “collective-interaction” 
to  form  a  larger  eddy  that  impinged  onto  the  inclined  flap.  This  impingement 
temporarily  increases  the  pressure  near  the  impingement  (stagnation)  location 
and  it  is  responsible  for  the  “spike”  in  Cn  (Figure  1).  This  spike  occurs  only 
once  during  the  reattachment  process  (though  it  might  be  modulated  by  the 
excitation  frequency)  and  it  may  intensify  as  it  propagates  downstream  along 
the  flap.  It  is  followed  by  a  low-pressure  oscillation  that  is  most  pronounced  in 
the  jF+=0.64  case  and  it  attains  its  maximum  amplitude  just  upstream  of  the 
trailing  edge  (figures  2a  &  2c). 

At  times  r  >5,  the  ensemble  averaged  Cp,  that  is  conditioned  only  to  the 
initiation  of  the  periodic  perturbations,  decreases  steadily  over  most  of  the  flap 
until  it  attains  a  steady  state.  Only  at  the  trailing  edge,  the  ambient  pres¬ 
sure  that  existed  while  the  flow  was  separated  persists.  One  may  note  that  foi 
F+=0.64,  the  maximum  pressure  gradient  (dCpIdx)  in  the  aft  region  of  the  flap 
is  attained  very  quickly  (i.e.  during  the  third  time  step  drawn  on  figuie  2c), 
while  the  negative  Cp  near  the  leading  edge  builds  up  rather  slowly.  One  would 
deduce  from  this  distribution  of  pressure  that  the  flow  contains  a  long  bubble 
that  spans  most  of  the  flap  chord.  For  the  F+=1.28  case,  Cp  evolves  more 
gradually  in  time  but  its  evolution  takes  place  over  the  entire  flap  (figure  2d) 
and  it  does  not  appear  to  contain  as  long  a  bubble. 
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When  the  periodic  excitation  is  always  initiated  at  the  same  phase  of  the 
excitation-period,  the  ensemble-averaged  pressures  are  oscillatory  (figures  3a-b). 
The  data  therefore,  preserve  the  imprints  of  the  traveling  vortices  generated  by 
the  periodic  excitation.  These  vortices  undergo  amplification  and  decay  process 
because  of  the  sensitivity  of  the  separated  mixing  layer  to  the  imposed  oscilla¬ 
tions.  However,  the  reattached  boundary  layer  maintains  a  similar  sensitivity 
because  the  mean  velocity  profile  retains  its  inflection  point.  The  amplitudes  of 
the  local  pressure  signatures  after  the  completion  of  the  reattachment  process 
(e.g.  at  r  >30  in  figure  3)  bear  witness  to  this  fact.  By  doubling  the  forcing 
frequency  from  F+=0.64  to  F+=1.28  the  location  of  the  maximum  amplitude 
of  the  pressure  oscillations  was  halved  (compare  the  amplitudes  in  figures  3a  & 
b).  This  is  a  very  familiar  observation  in  excited  mixing  layers  that  spread-out 
linearly  in  the  direction  of  streaming.  There  is  no  simple  relation  between  the 
size  of  the  vortices  and  their  respective  role  in  the  reattachment  process.  Nev¬ 
ertheless,  a  gradual  decrease  in  Cp  is  observed  after  every  passage  of  a  vortex 
near  the  leading  edge  of  the  flap  during  the  process.  The  rate  of  change  of  the 
local  pressure  with  time  (dCp/dr)  depends  in  general  on  F+,  <  Cp  >  and  on  A. 
However,  many  weak  vortices  scouring  the  surface  may  have  a  similar  effect  on 
the  mean  pressure  as  fewer  but  stronger  ones. 

By  defining  the  mean  reattachment  time  from  the  intersection  of  the  max¬ 
imum  slope  dCp/dr  (for  r  >5)  with  the  extension  of  the  steady  state  value  of 
Cn  (figure  1),  one  may  obtain  the  optimum  frequency  for  minimum  reattach¬ 
ment  time.  This  frequency  corresponds  to  1.2  <  F+  >  1.6  and  it  is  equal  to 
Tatt,min  for  a  fixed  flap  deflection  angle  of  A =4^  (figure  4).  It  is  interesting 
to  note  that  Tatt  is  not  sensitive  to  the  input  amplitude,  <  Cp  >,  provided  the 
latter  exceeds  a  certain  threshold  required  for  reattachment  that  in  this  case  is 
<  Cp  >=0.02  %  (figure  4).  The  number  of  cycles  required  for  reattachment  is 
almost  directly  proportional  to  although  the  relationship  is  not  linear  and  is 
again  dependent  on  the  threshold  amplitude  of  the  excitation. 


2  Concluding  Remarks 

Entrainment  of  fluid  by  the  large  coherent  structures  in  a  mixing  layer  forces  the 
flow  to  reattach  to  the  adjacent  surface.  Stability  considerations  play  an  impor¬ 
tant  role  in  speeding  up  the  process  and  enabling  it  at  small  input  amplitudes. 
PIV  measurements  that  are  not  discussed  in  the  written  version  of  the  paper  de¬ 
scribed  the  evolution  of  the  rolled  up  vortices  at  various  stages  of  the  transient. 
They  revealed  that  initially  the  mixing  layer  bends  toward  the  surface  near  the 
flap  shoulder  while  further  downstream  it  lifts  off  from  it  leaving  a  stagnant 
region  next  to  the  surface.  This  is  followed  by  a  collective  interaction  among  the 
large  eddies  that  bends  the  mixing  layer  toward  the  surface,  enclosing  a  much 
larger  vortex  (akin  to  the  dynamic  stall  vortex)  whose  length  is  initially  com¬ 
parable  with  the  length  of  the  flap.  This  dimension  decreases  with  each  passing 
vortex  that  is  generated  by  the  periodic  excitation  and  finally  the  entire  mix- 
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iiig  layer  flows  next  to  the  solid  surface.  Therefore,  the  forced  periodic  vortices 
may  be  regarded  as  moving  pumps  that  sweep  the  surface  regularly  lowering  the 
pressure  near  it  during  the  transient  reattachment  process. 


Figure  1:  The  average  normal  force  Figure  2:  The  pressure  coefficient  dur- 
during  reattachment.  ing  the  reattachment  process. 


0  10  20  30 
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Figure  4:  Reattachment  time  vs  the  re¬ 
duced  frequency. 


Figure  3:  The  phase- Locked  pressure 
coefficient. 
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1  Introduction 

Transition  to  turbulence  is  an  ambiguous  process,  and  since  knowledge  about  the 
underlying  non-linear  mechanism  is  limited,  it  is  difficult  to  design  an  efficient 
control.  Successful  attempts  have  been  made  to  control  the  linear  mechanisms 
involved  in  transition  scenarios  such  as  the  growth  of  Tollmien-Schlichting  waves. 
More  complicated  processes  leading  to  transition  such  as  the  bypass  transition 
scenarios  with  non-linear  effects  are  not  as  intuitive  and  therefore  more  difficult 
to  control.  The  goal  of  the  current  work  is  to  determine  how  to  control  such 
processes  in  the  optimal  way  given  the  method  of  controlling  the  flow,  and  an 
objective  function  describing  the  features  of  the  flow  to  be  controlled.  There 
are  several  different  possibilities  to  affect  the  flow.  The  method  chosen  here 
is  blowing  and  suction  at  the  walls,  since  it  is  a  fairly  simple  way  of  acting 
on  the  flow,  and  also  because  it  is  a  technique  that  is  widely  used.  Blowing 
and  suction  has  successfully  been  used  for  similar  problems,  namely  control  of 
turbulence,  where  complete  relaminarization  was  obtained  [1].  The  blowing  and 
suction  is  applied  to  flow  in  a  channel,  where  we  can  find  many  of  the  interesting 
bypass  transition  scenarios.  Optimization  of  the  control  is  not  a  trivial  issue. 
Direct  search  methods  are  costly,  requiring  a  lot  of  computations,  and  often 
inefficient  for  non-linear  processes.  Methods  where  one  can  access  the  gradient 
of  the  objective  function  are  more  efficient,  and  there  are  several  algorithms 
developed  for  this  type  of  optimization.  To  compute  gradients  of  the  objective 
function  the  adjoint  equation  approach  is  used.  It  is  an  efficient  method  in  the 
sense  that  only  two  computations  are  required  for  each  optimization  iteration 
independent  of  the  number  of  degrees  of  freedom  of  the  control.  First  the  state 
equation  (  Navier-Stokes  )  is  solved  and  then  this  solution  is  used  as  input  to 
the  adjoint  equation  that  is  solved  next  and  gives  the  gradient  of  the  objective 
function.  There  is  no  need  to  have  any  knowledge  of  the  underlying  physics  nor 
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of  the  functional  behavior  of  the  control.  After  computing  the  optimal  control 
for  a  specific  transition  scenario,  it  is  possible  to  analyze  the  computed  control 
and  perhaps  gain  some  insight  to  the  physics  of  the  transition  process.  The 
transition  scenario  we  study  here  is  oblique  transition  in  channel  flow,  since  it 
contains  many  different  stages,  and  is  highly  nonlinear.  The  transition  threshold 
for  this  scenario  has  been  thoroughly  studied  in  [5].  Optimization  is  performed 
with  a  limited  memory  quasi  Newton  method  described  in  [2]. 


2  Control  problem 


For  the  purpose  of  studying  the  non-linear  stages  of  b3q:)ass  transition  an  adjoint 
DNS  code  has  been  developed  based  on  a  existing  spectral  channel  flow  code 
[4].  The  derivation  of  the  adjoint  equations  is  done  by  a  perturbation  analysis, 
starting  from  the  Navier-Stokes  equation  in  velocity-pressure  formulation.  The 
resulting  equations  arc  then  reformulated  to  a  form  suitable  for  the  discretiza¬ 
tion  approach  we  use,  similarly  as  in  the  existing  DNS  code.  This  facilitates 
the  implementation  by  allowing  re-use  of  code.  However,  this  approach  intro¬ 
duces  inaccuracies  in  the  objective-function  gradient  directions.  This  issue  has 
been  investigated  in  a  previous  study  [3],  where  we  concluded  that  the  approach 
nevertheless  can  be  used,  particularly  for  instability  control.  Temporal  direct 
numerical  simulations  (DNS)  are  performed  using  this  code  with  the  modifica¬ 
tion  for  the  ability  to  solve  the  associated  adjoint  equations.  Fourier  modes 
are  used  for  the  span-wise  and  stream-wise  directions  and  chebyshev  collocation 
in  the  wall  normal  direction.  The  modification  necessary  to  solve  the  adjoint 
equations  involves  a  change  in  what  corresponds  to  the  non-linear  terms  for 
the  Navier-Stokes  solver  to  forcing  terms  depending  on  the  choice  of  objective 
function.  Solution  of  the  adjoint  equation  requires  full  information  about  the 
solution  of  the  Navier-Stokes  equation  in  space  and  time.  The  flow  geometry  is 

y  Upper  control  surface 


Lower  control  surface 


Figure  1:  Geometry  for  control  of  channel  flow, 
the  one  in  figure  1  with  blowing  and  suction  applied  at  both  walls  of  the  channel 
and  periodic  boundary  conditions  on  the  stream- wise  and  span-wise  diiections. 
For  the  optimization  the  objective  function  J  is. 
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where  the  control  (p  is  applied  from  time  t  =  Tco  to  Tcf  on  the  boundary  T  and 
the  energy  of  the  deviation  from  the  laminar  profile  is  measured  from  time 
t  =  Teo  to  Tef  in  the  computational  domain  ft.  The  regularisation  parameter 
e  is  chosen  to  be  10“”^  in  all  simulations.  The  spatial  resolution  of  the  control  is 
the  same  as  for  the  simulation  and  temporally  the  control  is  linearly  interpolated 
with  20  points  over  the  control  time. 

3  Transition  scenario 

The  oblique  transition  scenario  in  channel  flow  involves  different  stages,  (i) 
Transient  growth  of  the  oblique  waves  such  that  they  (ii)  interact  non-linearly 
and  produce  stream-wise  vorticity  that  then  induce  (hi)  streaks  that  experience 
additional  transient  growth.  If  some  noise  is  present  and  the  streak  amplitude  is 
sufficiently  large  we  get  streak  breakdown  and  possibly  transition  to  turbulence. 
In  this  initial  study  there  will  not  be  any  noise  present,  and  the  initial  amplitude 
of  the  disturbance  and  the  Reynolds  number  are  chosen  not  to  result  in  transition 
within  the  simulation.  The  initial  condition  will  always  be  a  pair  of  oblique 
waves,  and  then  control  is  applied  at  different  stages  of  the  transient  growth 
process. 

4  Simulations,  results  and  discussion 

Five  different  simulations  are  performed  using  the  same  initial  condition.  The 
objective  is  to  minimize  the  integral  of  the  deviation  from  the  laminar  flow  profile 
from  time  Teo  to  =  100.  The  Reynolds  number  is  1500  and  the  box  size  is 
27r  X  2  X  27r  in  x,y,z.  In  case  la,b,c  the  control  is  applied  from  time  Tco  =  0 
until  Tcf  =  50  in  a,b  and  Tcf  =  25  in  c.  The  objective  function  is  measured 
from  Teo  =  50  in  case  la  and  from  T£:o  =  0  in  cases  lb  and  Ic.  For  cases  2 
and  3  the  control  is  applied  from  Tco  =  25  and  Tco  =  50  respectively,  and  the 
objective  function  from  Teo  =  50.  The  resulting  control  velocity  in  all  cases  is  of 
the  order  2%  of  the  centerline  velocity.  And  the  reduction  of  the  gradient  norm 
is  about  3  orders  of  magnitude  after  10-15  optimization  iterations. 

The  growth  of  the  oblique  waves  is  efficiently  hindered  by  the  control  for¬ 
mulation  in  la,b,c  and  the  growth  of  streaks  is  eliminated.  In  figure  2B  the 
differences  between  the  formulations  are  shown.  In  case  la  the  energy  is  not 
penalized  by  the  objective  function  initially  as  it  is  in  lb  and  this  results  in 
lower  energy  after  i  =  50  than  in  case  lb.  A  higher  temporal  resolution  of  the 
control  is  applied  during  a  shorter  time  in  case  Ic.  The  result  is  a  smoother 
energy  curve  but  not  as  low  energy  at  a  later  time  as  in  the  other  two  cases. 

In  case  2  the  control  is  applied  during  the  formation  of  the  streaks.  Initially 
the  energy  is  allowed  to  grow  but  then  the  growth  is  hindered  by  the  control  and 
energy  decays  as  seen  in  figure  2A. 

In  case  3  the  streaks  have  formed  and  are  growing  when  control  is  applied. 
In  figure  2 A  we  see  that  the  streak  growth  is  immediately  eliminated  by  the 
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t  t 

Figure  2:  [A]  solid:  The  energy  growth  without  control  ;  dashed:  case  la  ; 
dotted:  case  2  ;  dash-dot:  case  3.  [B]  solid:  case  la  ;  dashed:  case  lb  ;  dotted: 
case  Ic. 


control  and  the  energy  decays. 

•  The  temporal  extent  of  the  control  appear  to  be  more  important  than  the 
resolution. 

•  Allowing  a  higher  energy  initially  can  result  in  lower  energy  at  a  later  time. 

•  It  appears  that  there  is  enough  control  authority  using  blowing  and  suction 
on  the  wall  to  handle  all  the  different  stages  of  the  oblique  transition  scenario. 
From  the  work  in  [1]  its  evident  that  this  type  of  actuation  is  powerful  enough 
to  relaminarize  a  turbulent  flow. 

•  The  choice  of  objective  function  is  very  important  for  the  performance  of  the 
resulting  control. 
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1  Introduction 

An  appropriate  method  for  analysis  of  a  coherent  signal  in  a  turbulent  flow 
is  the  triple  decomposition  method.  The  instantaneous  velocities  and  pressure 
are  considered  as  sums  of  three  distinctive  components:  mean  (time  averaged), 
coherent  (phase  averaged)  and  random  (incoherent  turbulent)  motion.  Reynolds 
and  Hussain  [1]  derived  the  equations  for  a  coherent  signal  in  a  turbulent  flow. 
The  equations  contain  new  unknown  terms  that  correspond  to  oscillations  of  the 
background  Reynolds  stresses  caused  by  the  organized  wave.  These  terms  reflect 
the  existence  of  an  interaction  between  the  coherent  signal  and  the  random  field. 
To  a  first  approximation,  the  interaction  may  be  neglected  and  the  linearized 
problem  may  be  reduced  to  the  Rayleigh  equation  with  the  mean  velocity  profile 
(the  effect  of  molecular  viscosity  is  considered  as  negligible). 

As  the  free  shear  flows  (such  as  jets,  wakes  and  mixing  layers)  spread  rapidly, 
it  is  necessary  to  take  into  account  the  flow  divergence  for  a  correct  comparison 
of  theoretical  and  experimental  data  for  growth  rates  and  overall  amplification. 
Gaster  et  al.  [2]  carried  out  the  analysis  of  coherent  perturbations  in  a  mix¬ 
ing  layer  within  the  scope  of  the  Rayleigh  equation.  They  included  the  flow 
divergence  into  the  consideration  in  attempt  to  predict  the  overall  growth.  Nev¬ 
ertheless,  the  theory  overpredicted  the  amplification  by  2  —  3. 

The  effect  of  two-dimensional  periodic  disturbances  of  high  amplitude  on  the 
development  of  turbulent  mixing  layers  and  wakes  was  investigated  experimen¬ 
tally  in  [3],  [4],  [5].  It  was  revealed  that  coherent  perturbations  can  significantly 
change  dynamics  of  the  flow.  A  theoretical  model  of  the  phenomenon  is  still  in 
question.  The  foregoing  serves  as  a  motivation  for  the  present  work. 

2  Governing  equations 

We  consider  a  two-dimensional  turbulent  flow  disturbed  by  a  harmonic  two- 
dimensional  wave.  To  analyze  the  dynamics  of  the  organized  wave,  we  apply  the 
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triple  decomposition  method  [1].  It  is  assumed  that  the  instantaneous  velocities 
and  pressure  consist  of  the  three  distinct  components 

q(.r,  y,  z,  t)  =  q(a;,  \j)  +  q(.T,  y,  t)  +  q'(.T,  y,  z,  t);  (1) 

where  q  stands  for  the  mean  (time  averaged)  values  of  the  velocities  and  pressure; 
q  is  the  coherent  (phase  averaged)  contribution  corresponding  to  the  organized 
wave;  q'  stands  for  the  random  (turbulent)  motion.  After  substituting  (1)  in 
Navier-Stokes  equations,  phase  and  time  averaging,  the  equations  for  the  mean 
flow  and  for  the  organized  wave  [1]  can  be  obtained.  We  assume  that  effects 
of  molecular  viscosity  are  negligible,  and  the  equations  for  the  mean  values  are 
considered  in  the  boundary-layer  approximatioi^  They  contain  random  and 
coherent  Reynolds  stresses  as  well,  -pM  and  -puv  correspondingly.  We  invoke 
closure  of  the  equations  by  means  of  the  eddy  viscosity  (.t)  of  the  undisturbed 
flow  zrV  =  -Ui(duld'y).  The  equations  for  the  coherent  part  contain  new  terms 
Vij  =  u^'j corresponding  to  oscillation  of  the  background  Reynolds  stresses 
caused  by  the  organized  wave  [1].  The  term  is  responsible  for  the  interaction  of 
a  coherent  signal  with  the  random  field,  and  we  need  to  choose  a  hypothesis  to 
close  the  equations.  We  adopt  the  Newtonian  eddy  viscosity  model  [1] 


(  ^ 


dxi )  ■ 


(2) 


Thus,  we  arrive  at  the  system  of  governing  equations.  The  equations  for  the 
coherent  signal  are  considered  in  linear  approximation  with  slowly  diverging 
mean  flow,  and  they  are  solved  by  invoking  the  method  of  multiple  scales.  In 
the  main  order,  we  obtain  the  Orr-Sommerfeld  equation  (instead  of  the  Rayleigh 
equation  used  in  [2]).  The  mean  velocity  profile  is  obtained  from  simultaneous 
solving  of  the  corresponding  equations  including  coherent  Reynolds  stresses. 


Figure  1:  The  overall  amplification 
|u|  dy.  Solid  lines  -  theory;  sym¬ 
bols  -  experimental  data  [2]  . 


x(m) 


Figure  2:  Momentum  thickness  of  the 
mixing  layer  in  the  presence  of  a  coher¬ 
ent  signal. 


On  harmonic  perturbations  in  turbulent  shear  flows 


211 


3  Results 

Figure  1  shows  comparison  of  the  calculated  and  experimental  data  [2]  for  a 
coherent  signal  of  small  amplitude.  The  new  theoretical  element  in  the  com¬ 
parison  is  the  interaction  of  the  coherent  signal  with  the  random  field  that  is 
incorporated  by  the  closure  (2).  The  results  correspond  to  Ui  =  10  m/s,  1/2=4: 
m/s,  the  frequency  of  the  coherent  signal  /  =  20  Hz.  The  Reynolds  number 
Reo  =  14.5  is  defined  with  the  momentum  thickness  6  and  the  eddy  viscosity  vt 
extracted  from  the  experimental  data.  The  solid  line  with  Reo  — ^  oo  corresponds 
to  the  model  based  on  the  Rayleigh  equation  [2]  that  neglects  the  interaction  of 
the  coherent  signal  with  the  random  field.  The  coordinate  ^  in  figure  1  is  the  di¬ 
mensionless  streaming  coordinate  defined  in  [2].  The  result  indicates  importance 
of  the  interaction  between  the  coherent  signal  and  the  random  field. 

The  feedback  to  the  mean  flow  becomes  important  at  high  amplitude  of 
the  coherent  signal.  The  momentum  thickness  0  versus  streaming  coordinate 
X  is  presented  in  figure  2  for  a  disturbance  of  frequency  20  Hz  in  a  mixing 
layer  between  two  flows  with  Ui  =  5  m/s  and  t/2  =  3  m/s.  The  amplitude 
parameter  Sq  is  defined  as  ratio  of  the  normal  velocity  disturbance  v{y  =  0)  at 
the  starting  point  xq  =  0.106  m  to  the  velocity  difference  Ui  —  U2.  One  can 
see  that  at  sq  =  12%  there  is  an  interval  with  a  negative  derivative  cW/dx.  The 
physical  meaning  is  the  following:  far  downstream  from  the  disturbance  source, 
the  coherent  Reynolds  stress  becomes  negative  (figure  3).  If  the  disturbance 
amplitude  is  sufficiently  high,  the  coherent  Reynolds  stress  (that  represents  a 
term  in  the  mean  flow  equations)  accelerates  the  flow  and  overcome  the  turbulent 
diffusion.  As  the  coherent  disturbance  decays,  further  downstream,  the  effect 
of  the  coherent  Reynolds  stress  is  reduced  and  the  turbulent  difiusion  process 
regains  its  dominance  and  the  mixing  layer  starts  spreading  again.  A  similar 


Figure  3:  Coherent  Reynolds  stresses  in  Figure  4:  The  wake  growth  parameter 
the  mixing  layer  at  eq  =  12%.  in  the  presence  of  a  coherent  signal. 

effect  may  be  obtained  for  a  turbulent  wake.  Figure  4  shows  calculations  of  the 
growth  parameter  of  a  turbulent  wake,  defined  in  [6].  The  parameter  describes 
the  spreading  of  the  mean  flow.  The  disturbance  amplitude  cq  is  defined  as  the 
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ratio  of  the  normal  velocity  component  v  at  the  wake  axis  at  x/2d  =  60.  The 
disturbance  frequency  /  =  80  Hz  was  chosen  in  accordance  with  the  experimental 
data  analyzed  in  [6]. 

One  can  see  from  figures  2  and  4  that  the  feedback  to  the  mean  flow  may 
cause  a  significant  change  in  the  shear  layer  thickness. 


4  Conclusion 

A  theoretical  model  of  periodic  disturbances  in  turbulent  mixing  layers  and  tur¬ 
bulent  wakes  was  proposed.  The  model  includes  instability  analysis  of  the  mean 
flow  with  the  non-parallel  effects.  The  interaction  of  the  coherent  signal  with 
incoherent  turbulent  fluctuations  is  incorporated  by  the  Newtonian  eddy  viscos¬ 
ity.  The  feedback  of  the  disturbances  to  mean  flow  is  taken  into  account  through 
the  coherent  Reynolds  stresses.  The  results  are  in  agreement  with  experimental 
observations. 
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1  Introduction 


The  transition  region  is  fundamentally  characterised  by  an  intermittent  be¬ 
haviour  of  the  flow  such  that  an  indicator  function,  / (x,y,z,t),  defined  as 


I  {x,y,z,t) 


0  laminar 
1  turbulent 


(1) 


can  be  applied  locally  at  each  point  in  the  flow.  Time  averaging  this  function 
introduces  the  so-called  intermittency  factor  (7  =  (/))  which  can  be  interpreted 
as  the  probability  that  a  turbulent  fluid  occurs  at  the  point  {x,y,  z). 

Two-equation  turbulence  models  are  well  known  to  imply  a  lack  of  physical 
model  particularly  on  the  inset  of  the  turbulent  regime  at  the  initial  stages 
of  transition.  In  order  to  improve  these  predictions,  several  researchers  have 
proposed  modifying  the  existing  models  by  simply  scaling  the  eddy  viscosity 
formulation  by  means  of  the  intermittency  factor  [1] .  It  is  the  scope  of  the  present 
paper  to  explore  the  capabilities  of  two  methods  derived  from  such  approach. 


2  PUIM 

The  Prescribed  Unsteady  Intermittency  Model  (PUIM)  aims  to  simulate  the 
evolution  in  time  of  the  laminar,  transitional  and  turbulent  patches  characteristic 
of  bypass  transition.  The  laminar-turbulent  transition  onset  is  determined  using 
experimental  correlations  and  the  intermittent  feature  of  the  transitional  flow 
is  modelled  by  the  intermittency  factor  [2].  Based  on  the  characteristics  of 
the  development  of  turbulent  spots,  the  latter  can  be  computed  either  using 
the  concentrated  breakdown  concept  (Narasimha,  1957),  or  using  a  continuous 
breakdown  of  the  turbulent  spots  taking  account  of  the  laminar-flow  calmed 
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region  which  immediately  trails  a  spot,  as  observed  by  Schubauer  and  Klebanoff 
in  1956. 


3  The  Intermittency  Equation 

Based  on  the  approach  of  modelling  the  transition  region  through  means  of  the 
intermittency  factor,  and  based  on  the  work  by  Cho  and  Chung  [3],  we  suggest 
the  following  transport  equation  for  7 

m  fv  /'TdV  =  -fg  (pvj)  .  dS  +  4  (/ii  +  (1  -  7)  V7  ■  dS 

+  /v  -  7)  (hPktfc)  +  Cy2P  (k'^/e:)  V^7)  dV  (2) 

-  /v  iP7  (1  -  7)  (e/k)  {Cy3  +  C,,T))  dV 

where  F  =  —  i^p/p)  (V7)  / \U\  has  been  defined  as  the  amount  of  in- 

termittency  entrained  by  the  interaction  between  the  mean  velocity  gradient  and 
the  intermittency  field  per  unit  volume  of  fluid. 

The  constants  read  =  1.0;  C^i  =  2.2;  C.y2  =  0.6;  =  0.1;  Cj4  =  0.16. 

4  Solution  Method 

The  solution  method  is  a  2D  solution  adaptive  unstructured  mesh,  Reynolds 
Averaged  Navier  Stokes  solver,  UNNEWT  [4].  Equations  are  formulated  with 
a  finite  volume  vertex  store  strategy  and  integrated  with  a  classical  multi-step 
Runge-Kutta  scheme  with  residual  smoothing  and  industry  standard  second  and 
fourth  difference  artificial  viscosity. 

Closure  is  achieved  via  the  two  equation  model  of  Yang  and  Shih  [5],  and  the 
time  scale  was  limited  locally  by  adopting  the  approach  proposed  Durbin  [6],  in 
order  to  avoid  unrealistic  high  values  of  kinetic  energy  close  to  points  near  which 
the  flow  stagnates.  To  take  account  of  the  so-called  ’interaction  effect’,  the  term 
Csy  (e^/k)  r  with  =  0.1  introduced  by  Cho  and  Chung  was  included  in  the 
transport  equation  governing  the  turbulent  dissipation  rate. 

Both  P UIM  and  the  Intermittency  Equation  interact  with  the  flow  by  means 
of  the  eddy  viscosity  fix  =  where  is  the  eddy  viscosity  from  the  k  —  e 
model  of  Yang  and  Shih. 


5  Results  and  Discussion 

The  flow  over  a  long  horizontal  body  with  semi-circular  leading  edge  was  com¬ 
puted  for  a  free-stream  turbulence  level  of  2.3%  6mm  after  the  leading  edge 
and  a  Reynolds  number  of  3293.  Results  were  compared  to  the  experimental 
test  case  T3L3  of  the  Ercoftac  database  [7].  Turbulence  decay  is  well  predicted 
in  the  free-stream  as  shown  by  Figure  1,  whereas  discrepancy  between  the  two 
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transition  models  arises  when  predicting  both  length  and  strength  of  separation 
inside  the  boundary  layer  (Figure  2). 

Boundary  layer  integral  parameters  are  better  predicted  when  employing  any 
of  the  intermittency-based  treatments,  specially  evidenced  by  the  accuracy  in  the 
of  the  results  obtained  when  using  PUIM  as  shown  by  Figures  3-5.  Skin  friction 
values,  on  the  other  hand,  are  better  predicted  using  the  so-called  k  —  e  ~  j. 

Overall,  results  shown  considerable  improvement  in  the  prediction  of  tran¬ 
sitional  behaviour  by  the  inclusion  of  any  of  the  intermittency-based  models 
proposed. 


against  the  axial  coordinate  from  the  Figure  2:  Streamlines  of  the  flow 
leading  edge.  around  the  plate:  k  -  e  model  (top); 

k  —  £-PUIM  (bottom). 
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Figure  3:  Shape  factor  distribution 

against  the  axial  coordinate  from  the  Figure  4:  Displacement  thickness, 
leading  edge. 


Figure  5;  Momentum  thickness  Figure  6:  Skin  friction  coefficient. 
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1  Introduction 

The  modelling  and  computation  of  turbulent  flows  with  additional  scalar  vari¬ 
ables  remains  an  active  area  of  research  [1].  This  is  due  to  numerous  technical 
applications  of  reacting  flows  (including  combustion)  or  flows  with  tempera¬ 
ture  variations  (including  geophysical  flows  and  heat  transfer).  The  probability 
density  function  (PDF)  method  is  well  suited  for  use  in  such  flows,  because  re¬ 
action  and  convection  terms  are  exact  and  do  not  require  modelling.  The  main 
idea  of  the  PDF  method  (for  a  review  see  [5])  is  to  propose  a  closed  evolution 
equation  for  the  one-point  joint  pdf  of  velocity,  turbulent  energy  dissipation 
rate  and  scalar  variables  (as  chemical  composition,  temperature,  etc.)  However, 
in  all  one-point  statistical  descriptions  of  turbulent  flows  with  scalars,  the  so- 
called  micro-mixing  term  remains  unclosed.  Many  mixing  models  have  been 
proposed  to  date  (cf.  [1,  2]  for  recent  reviews);  among  them,  the  CD  (coales¬ 
cence/dispersion)  model  of  Curl  and  the  lEM  (interaction  by  exchange  with  the 
mean)  of  Dopazo  are  a  solution  of  choice  (mostly  because  of  their  simplicity 
and  robustness)  in  many  computational  codes.  Another  recent  proposals  are 
the  BL  (binomial  Langevin)  model  of  Valino  &  Dopazo,  the  mapping  closure 
model  originally  due  to  Kraichnan,  the  linear  eddy  modelling  of  Kerstein  and 
the  Fokker-Plank  closure  developed  by  Fox. 

The  purpose  of  this  paper  is  to  test  three  well-known  micro-mixing  models 
(lEM,  CD  and  BL)  in  a  given  test  case  and  to  present  computational  results 
from  a  complete  stand-alone  joint  velocity-turbulent  frequency-scalar  PDF  code 
(Pozorski  &  Minier  1998).  Numerical  results  are  obtained  for  transport  of  an 
inert  passive  scalar  in  grid  turbulence. 
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2  Case  studied 

The  flow  simulated  here  is  a  thermal  mixing  layer  generated  by  a  temperature 
step  in  a  grid  turbulence,  studied  experimentally  by  Ma  &  Warhaft  [3].  The 
thermal  step  was  set  at  xq  =  20M  downstream  the  grid  of  the  mesh  size  M. 
The  computations  were  carried  to  the  distance  x  =  120M .  The  initial  variance  of 
temperature  fluctuations  (not  reported  in  Ma  &  Warhaft  paper,  unfortunately) 
was  assumed  diftbrent  at  the  hot  and  the  cold  side  and  obtained  after  many  tests 
(using  trial  and  error  procedure).  Periodic  velocity  conditions  were  applied  on 
both  upper  and  lower  boundary,  as  well  as  constant  scalar  values,  because  the 
temperature  field  is  undisturbed  there.  It  has  to  be  noted  that  the  statement  of 
different  boundary  conditions  is  also  possible  (as  for  the  case  of  heated/cooled 
channel  flow),  by  analogy  to  the  formulation  proposed  for  the  instantaneous  flow 
velocity  [4] .  First  computations  of  this  kind  of  flow  are  currently  underway. 

For  all  tested  mixing  models  of  passive  scalars,  the  dynamics  of  the  flow 
remains  obviously  identical.  It  was  obtained  using  the  standard  version  of  the 
PDF  algorithm  and  program  developed  by  Pozorski  &  Minier  [6].  The  compu¬ 
tations  were  carried  out  with  various  numbers  of  particles,  different  grids  and 
time  steps.  The  independence  of  the  results  of  different  conditions  was  verified. 

In  our  PDF  computation  of  grid  turbulence,  turbulent  kinetic  energy  k  and 
its  dissipation  rate  e  decay  with  the  distance  from  the  grid,  following  powei-law 
formulae.  The  mean  temperature  profile  (Fig.  la)  is  scaled  by  the  temperature 
step  value  ATq.  The  cross-stream  coordinate  y  equals  zero  at  the  center  of  the 
thermal  mixing  layer  and  is  scaled  by  the  half-width  of  the  mean  temperature 
profile  L.  Temperature  profiles  at  several  ^’-stations,  scaled  this  way,  collapse 
reasonably  well  into  a  single  curve.  The  rms  of  the  temperature  field  is  shown 
in  Fig.  lb. 


Figure  1:  a)  Mean  temperature  profiles  plotted  as  a  function  of  a  normalised 
cross-stream  coordinate;  b)  temperature  rms  scaled  by  its  maximum.  Experi¬ 
ment-  solid  line  with  (•);  computation  for  various  molecular  mixing  models  at  a 
location  x/M  =  120  from  the  grid:(D)  CD,  (A)  lEM,  (O)  BL;  lEM  for  various 
locations:  (x)  x/M  =  32.5,  (+)  x/M  =  62.5,  (*)  x/M  =  92.5. 
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The  PDF  method  for  turbulent  flow  computation  readily  gives  also  higher 
moments  of  velocity  and  scalar  fields,  such  as  the  correlation  of  the  temperature 
fluctuations  and  cross-stream  velocity  component  (normalised  heat  flux,  Fig. 
2a),  the  flux  of  temperature  variance  (Fig.  2b),  third  moments  as  the  correlation 
of  square  temperature  fluctuations  with  the  normal  velocity  component  and  the 
skewness  of  the  temperature  profile,  as  well  as  the  fourth  moment  (the  kurtosis) 
of  the  temperature  fluctuations  (Fig.  3).  The  results  are  in  good  agreement  with 
experimental  data. 


Figure  2:  Correlations  of  temperature  and  cross-stream  velocity  component:  a) 
correlation  normalised  by  the  maximum  temperature  variance;  b)  normalised 
flux  of  temperature  variance.  Symbols  as  in  Fig.  1. 


Figure  3:  Higher  moments  of  the  temperature  distribution:  a)  skewness;  b) 
kurtosis.  Symbols  as  in  Fig.  1. 


The  level  of  the  initial  scalar  fluctuations  has  a  great  impact  on  the  final 
results;  specially,  higher  order  moments  such  as  skewness  and  flatness  of  scalar 
distribution  are  affected.  Fig.  4  presents  the  temperature  variance  and  skewness 
for  various  values  of  the  initial  temperature  variance.  The  results  obtained  with 
the  inlet  step  in  the  variance  of  scalar  fluctuations  yield  the  closest  match  with 
respect  to  the  experimental  values. 
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Figure  4:  The  influence  of  the  inlet  fluctuations  on  the  temperature  variance 
(plot  a)  and  skewness  (plot  b).  Experiment:  solid  line  with  (•).  Computation 
for  the  step  in  initial  variance  (A):  0.089(Aro)^  (hot  side),  0.0089(ATo)  ^(cold 
side);  constant  value  2.2  ■  10^‘^(ATof  (□);  constant  value  2.2  •  10  (ATo)*^  (O). 

3  Conclusion 

The  aim  of  this  paper  was  to  perform  computations  of  transport  and  mixing  of 
temperature  as  a  passive  inert  scalar  in  a  grid-generated  turbulent  flow.  The  ve¬ 
locity  and  scalar  fields  were  calculated  using  the  full  (stand-alone)  PDF  method, 
three  different  scalar  micro-mixing  models  were  tested.  Computed  statistics  in¬ 
clude  moments  (up  to  the  fourth  order)  of  the  temperature  distribution  and 
velocity-temperature  correlations.  High  sensitivity  to  the  inflow  scalar  variance 
was  stated.  The  overall  agreement  with  experimental  data  is  satisfactory. 
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1  Introduction 


Once  subgrid  scale  transport  (SGS)  models  are  introduced,  the  only  open  term 
in  the  LES  equations  of  a  filtered  reacting  scalar  Y  is  the  chemical  term,  that 
for  a  reaction  rate  given  by  t{;(y)  is  u;(y).  No  algebraic  or  simple  model  can  be 
expected  for  such  a  term,  due  to  its  highly  non  linear,  system  dependent  and 
coupled  to  dynamics  character.  But  if  the  values  were  known  the 

problem  would  be  closed.  The  filtered  probability  density  function  (PDF)  [3]: 


Py(r;f)  =  J  g{x,x’)S{r-Y{x'))dx', 


(1) 


contains  that  information  and  its  evolution  equation: 


^  dWiV 

dt  dxi 


dxi 


{D  +  Dt) 


dxi 


d 

dV 


w{T)V  +  D 


d'^Y 

dx'i 


(2) 


presents  a  closed  chemical  term.  An  additional  term  representing  SGS  mixing 
appears,  thought,  which  has  to  be  modeled. 

The  simplest  and  most  widely  used  mixing  model  is  the  Linear  Mean  Square 
Estimation  (LMSE)  [2].  Tests  of  this  model  for  the  evolution  of  a  scalar  PDF 
in  homogeneous  isotropic  turbulence  have  shown  that  while  it  reproduces  the 
evolution  of  the  mean  and  variance  of  the  PDF,  it  is  unable  to  change  its  shape 
towards  an  asymptotic  gaussian  shape.  Alternative  models  have  been  proposed, 
among  them  the  Binomial  Langevin  (BL)  [6],  which  by  addition  of  a  stochastic 
term  can  account  for  that  shape  change,  but  which  results  much  more  complex 
and  costly.  In  this  work,  the  performance  of  BL  and  LMSE  in  LES  are  com¬ 
pared,  with  the  hope  that  LMSE  can  reproduce  the  correct  PDF  evolution  when 
combined  with  the  other  terms  of  equation  2,  even  if  when  acting  alone  on  a 
PDF  it  cannot. 
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2  An  eulerian  Monte  Carlo  method 

To  be  able  to  isolate  the  effects  of  mixing  models  from  effects  of  SGS  transport 
models  and  numerical  schemes,  the  approach  adopted  here  is  to  perform  direct 
numerical  simulations  (DNS)  together  with  the  LES,  so  that  individual  teims  can 
be  explored.  Two  test  cases  were  selected  that  fulfilled  the  following  conditions: 
(1)  a  DNS  of  the  same  case  was  feasible  and  affordable  and  (2)  a  statistically 
homogeneous  direction  existed  so  that  comparison  of  mean  values  of  the  DNS 
and  LES  was  possible  at  low  cost.  DNS  of: 

•  A  scalar  mixing  and  reacting  in  homogeneous  isotropic  turbulence. 

•  A  scalar  mixing  in  a  temporal  mixing  layer. 

were  performed  in  a  64^  grid  and  a  64  x  64  x  128  grid  resp.,  by  a  pseudo- 
spectral  code  with  a  6th  order  compact  difference  scheme  in  the  transverse  di¬ 
rection  for  the  mixing  layer  case.  Turbulent  Reynolds  numbers  were  in  the  ordei 
of  100.  The  same  code  was  used  for  LES  after  adding  SGS  models. 

A  fundamental  difficulty  was  found  in  the  selection  of  a  numerical  method 
to  simulate  the  evolution  of  the  filtered  PDF.  Monte  Carlo  particle  methods 
[4],  typically  used  in  RANS+PDF  calculations,  resulted  inadequate  for  the  sim- 
ulr^ion  of  the  filtered  PDF  in  the  context  of  LES.  Two  major  problems  were 
identified: 

•  The  discrete  representation  of  convection  and  diffusion  by  exchanges  of 
particles  between  cells  produces  a  distorsion  in  the  instantaneous  laige  scale 
fields  preventing  a  reliable  non-stationary  simulation  of  scalais  (see  figure  1) 

•  First  order  upwind  methods  have  to  be  used  to  discretize  the  PDF  equation 
in  cells  where  convection  dominates.  That  led  in  the  present  study  cases  to  a 
numerical  diffusion  of  scalars  bigger  than  laminar/turbulent  diffusion  and  nu¬ 
merical  dissipation  of  the  variance  bigger  than  dissipation  by  mixing  (see  figure 

2).  _  '  . 

In  general,  Monte  Carlo  particle  methods  present  practical  problems  for  di¬ 
rect  implementation  in  LES  calculations,  as  they  can  not  be  implemented  in 
combination  with  high  order  methods  or  in  non— structured  grids. 

A  new  method  has  been  recently  proposed  [5],  based  on  the  representation 
of  the  PDF  by  stochastic  fields,  continuously  varying  in  space  and  time,  whose 
values  in  the  cells  of  the  grid  evolve  according  to  a  stochastic  equation  repro¬ 
ducing  the  evolution  of  the  PDF.  It  was  adapted  in  this  work  to  the  simulation 
of  the  filtered  PDF  evolution  For  the  present  LES  case  the  stochastic  evolution 
equation  of  the  fields  stochastic  fields  if  a  LMSE  model  is  used  for  mixing 


{D  +  Dt 


+  [2(D  +  Dt)] 


1/2 


-  K?/*"’ -y) (3) 

where  the  last  three  terms  represent  stochastic  diffusion,  mixing  modeled  by 
LMSE  (with  O  the  SGS  mixing  frequency)  and  reaction,  that  appears  closed  as 
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in  equation  2.  This  equation  can  be  discretized  in  a  purely  eulerian  way,  with 
any  high  or  low  order  method  in  any  grid.  Implementation  is  straightforward 
in  a  LES  code,  as  just  a  stochastic  and  a  mixing  term  have  to  be  added  to 
an  otherwise  typical  filtered  scalar  evolution  equation.  In  figures  1  and  2  some 
advantages  of  this  method  as  compared  to  particle  methods  can  be  seen:  the 
continuous  nature  of  evolution  avoids  the  distorsion  eflFects  and  the  possibility 
of  using  non-dissipative  schemes,  can  prevent  numerical  diffusion/dissipation. 


3  Results  and  conclusions 

The  new  stochastic  fields  method  allowed  the  study  of  mixing  models,  whose 
effect  were  hindered  by  numerical  errors  when  the  particle  method  was  used. 
Equation  3  was  implemented  with  a  high  order  non  dissipative  finite-difference 
scheme  for  64  stochastic  fields,  in  combination  with  the  LES  for  filtered  veloc¬ 
ity  fields.  After  validation  of  SGS  transport  models  for  both  momentum  and 
transport  [1],  an  independent  test  of  mixing  models  was  feasible. 

Global  resolved  scalar  mean  and  variance  results  are  a  good  test  of  mixing  in 
reacting  situations  and  were  used  in  the  first  test  case  (figure  3) .  In  the  mixing 
la3^er  case,  the  PDF  in  planes  parallel  to  the  initial  mixing  layer  at  the  final  time 
in  simulation  is  used  for  that  purpose  (figure  3),  as  in  a  non-reacting  case  this 
is  the  hardest  test  for  mixing.  Results  of  runs  in  which  the  LMSE  and  the  BL 
models  were  used  are  compared  in  those  figures  to  DNS  results,  showing  that 
both  models  give  very  similar  results  and  reproduce  accurately  enough  the  DNS 
results.  The  SGS  mixing  frequency  was  taken  as  constant  both  in  time  and  space 
along  the  simulation  and  such  a  simple  model  is  the  reason  of  slight  discrepancies 
between  DNS  and  LES  results.  But  the  performances  of  LMSE  and  BL  models 
appear  as  identically  good,  a  very  encouraging  result  for  the  extension  of  PDF 
transport  simulations  to  LES,  given  the  simplicity  and  low  cost  of  LMSE, 
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Figure  2:  SGS  variance  decay  in  the 
Figure  1:  Y  isosurfaces  in  the  mixing  layer  from  DNS  and  LES  + 

LES+PDF  calculation  of  a  mixing  layer  PDF  with  a  particle  (+)  and  the 
with  a  particle  method  (left)  and  the  stochastic  fields  method  (o). 
present  method  (right). 


Figure  3:  Mean  value  of  Y  (left)  and  SGS  variance  (right)  from  DNS  and 
LES+PDF  of  a  scalar  reacting  in  homogeneous  isotropic  turbulence  with  LMSE 
and  BL  models 

IMSF,  - 

LANG  . 


Figure  4:  PDF  of  the  scalar  Y  across  the  mixing  layer.  Vertical  bars  represent 
the  PDF  obtained  in  DNS,  continuous  lines  LES+PDF  calculations 
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1  Introduction 

As  environmental  pollution  issues,  particularly  NOx  emissions,  become  an  ever 
more  important  design  driver  for  gas-turbine  combustors,  the  aerospace  industry 
is  placing  increasing  research  emphasis  on  combustors  which  operate  under  lean 
premixed  prevapourised  (LPP)  conditions,  rather  than  the  liquid-spray  diffusion 
flame  designs  which  have  predominated  to  date.  In  LPP  combustors,  in  addi¬ 
tion  to  problems  associated  with  auto-ignition  and  flashback,  the  achievement 
of  controlled,  lean  fuel  air  ratios  (FAR)  which,  in  the  flame  zone,  are  as  homoge¬ 
neous  as  possible  in  both  space  and  time,  is  absolutely  crucial  to  low  emissions 
perfomance.  Consequently,  methods  for  predicting  mixing  processes  to  a  high 
accuracy  in  the  turbulent  swirling  flow  premix  zones  of  LPP  combustors  is  a 
topic  of  much  current  interest. 

Whilst  RANS-based  CFD  methods  have  been  used  for  some  time,  the  im¬ 
portance  of  predicting  time-resolved  large-scale  unsteady  flow  features  is  suffi¬ 
ciently  important  in  LPP  combustors  that  a  RANS  approach  will  be  inadequate. 
Capture  of  time-resolved  features  will  be  necessary  in  terms  of  emissions  per¬ 
formance,  but  also  from  the  viewpoint  of  combustion/acoustic  instabilities,  to 
which  gas- fuelled  LPP  combustors  are  particularly  prone.  Large  Eddy  Simula¬ 
tion  (LES)  methods  are  probably  the  only  completely  satisfactory  CFD  route 
for  accurate  prediction.  The  paper  described  here  constitutes  work  underway  to 
apply  LES  methods  to  LPP  systems. 


2  Numerical  Features  and  Results 

The  numerical  method  used  in  the  present  LES  method  has  the  following  main 
features:  use  of  conservation  form  of  the  governing  equations,  the  orthogonal 
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hlock-structurGci  grids,  a  staggered  variable  arrangement  with  grid-oiiented  ve¬ 
locity  components,  a  central  differencing  discretization  of  both  convection  and 
diffusion  terms,  the  explicit  Adams-Bashforth  scheme  for  time-stepping  and  a 
3D  multigrid  method  for  accelerating  the  solution  of  the  Poisson  equation  for 
pressure.  The  sub-grid  scale  stresses  are  simulated  by  the  Smagorinski  model 
and  a  wall  function  approach  was  employed  for  the  treatment  of  the  wall  layer. 
Figure  1  shows  the  geometry  of  the  LPP  combustor  currently  under  considera¬ 
tion.  The  combustor  geometry  consists  of  a  central  non-swirling  axial  jet  nozzle, 
two  radially-inffowing  swirling  streams,  a  convergent-divergent  section  to  act  as 
a.  fiame  trap,  and  a  large  diameter  dump  region  which  constitutes  the  main  com¬ 
bustion  zone.  The  geometry  is  axisymmetric  and  only  a  single  ladial  plane  is 
shown  in  Figure  1.  However,  all  grids  generated,  and  all  LES  calculations  are  of 
course  fully  3D  (i.e.  cover  the  entire  360°  sector).  This  geometry  is  much  more 
complicated  than  the  one  used  in  another  LES  calculation  [1]. 
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Figure  1:  Grids  for  LPP  Combustor  (side  view) 

In  the  calculations  presented  here,  only  isothermal(air)  flow  has  initially  been 
considered.  The  Reynolds  number  of  a  parallel  experimental  study  conducted 
on  this  geometry  at  Cranfield  University  was  68,000  [2].  The  LES  computation 
used  a  mesh  of  12  blocks  with  around  480,000  cells.  The  presence  of  a  centre¬ 
line  with  the  associated  small  cell  size  in  the  present  grid,  in  combination  with 
the  use  of  an  explicit  method  has  placed  a  severe  time-step  restriction  in  the 
calculation;  the  time  step  used  was  only  0.25  microsecond. 

Figures  2  and  3  show  two  examples  of  instantaneous  axial  velocity  contours 
from  the  LES  calculation,  after  2,000  and  120,000  time  steps  respectively.  At 
present  flat  axial  and  swirl  velocity  profiles  have  been  presented  at  all  flow  inlets 
with  a  superimposed  random  forcing;  these  random  fluctuations  decayed  veiy 
quickly  and  the  flow  unsteadiness  observed  is  essentially  due  to  the  instability  of 
the  shear  layers  between  swil  ling  streams  and  between  the  central  axial  jet  and 
the  annular  merged  swirling  flow.  The  early  time  picture  (Figure  2)  indicates 
the  rapid  growth  of  large  scale  oscillation  in  the  mixing  duct,  leading  to  the 
rapid  cross-stream  mixing  of  the  central  jet  fluid.  At  this  time  the  flow  has 
not  penetrated  to  the  end  of  the  combustion  zone  and  no  clear  negative  velocity 
regions  are  observed.  At  a  later  time  (Figure  3)  central  jet  mixing  has  proceeded 
further  and  the  central  recirculation  zones  have  begun  to  form.  Although  the 
flow  is  still  not  fully  statistically  stationary  after  the  30  msec  developing  time,  it 
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Figure  2:  Instantaneous  Axial  Velocity  Contours,  t=5ms 


Figure  3:  Instantaneous  Axial  Velocity  Contours,  t=30ms 


is  worthwhile  examining  some  mean  flow  characteristics.  Figures  4  shows  mean 
streamlines  obtained  by  averaging  over  the  last  6  msec  of  the  calculation;  corner 
and  central  recirculation  zones  are  evident.  The  central  recirculations  are  still 
growing  in  size  but  upstream  the  flow  has  settled  down  sufficiently  to  allow  time 


Figure  4:  Mean  Stream  Lines 


average  to  be  carried  out.  Figure  5  presents  a  comparison  with  time- averaged 
LDA  data  taken  in  the  Cranfield  University  study  in  the  upstream  mixing  duct. 
The  agreement  is  reasonable  indicating  that  the  LES  method  is  representing  the 
mixing  processes  in  the  premix  part  of  the  duct  quite  accurately.  The  levels  of 
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Figure  5;  Mean  Velocity  Profiles 


swirl  are  underpredicted,  but  this  may  be  due  to  the  inadequacies  in  the  inlet 
profiles. 

3  Conclusions 

•  A  multi-block  curvilinear  mesh  LES  code  incorporating  a  simple  Smagorin- 
ski  SGS  model  has  been  successfully  applied  to  analyze  the  flow  m  a  ge¬ 
ometry  typical  of  that  proposed  for  LPP  combustion  systems. 

•  Although  the  calculations  have  not  at  present  reached  a  statistically  sta¬ 
tionary  state  throughout  the  whole  domain,  comparison  with  LDA  velocity 
profiles  in  the  upstream  premixing  duct  have  shown  reasonable  agreement 
with  measurements  -  the  LES  approach  seems  a  promising  methodology 
for  predicting  the  mixing  in  LPP  geometries. 
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1  Introduction 

Free-surface  turbulent  flows  are  very  often  found  in  the  industrial  devices.  To 
investigate  the  turbulent  structures  near  free-surface  is  very  important  to  un¬ 
derstand  the  heat  and  mass  transport  phenomena  across  the  free-surface.  The 
interesting  information  about  the  relationship  between  turbulent  motion  [1],  and 
scalar  transport  have  obtained  via  DNS  [2], [3].  However,  in  both  calculations, 
molecular  diffusivity  of  scalar  was  comparable  to  that  of  momentum,  it  is  ques¬ 
tionable  whether  these  results  can  be  used  for  the  higher  Prandtl  or  Schmidt 
number  fluid.  The  aims  of  this  study  are  to  clarify  the  turbulence  structures 
near  free-surface  and  to  estimate  the  effect  of  the  turbulent  structure  on  scalar 
transport  near  free-surface  for  various  Schmidt  numbers. 


2  Numerical  Procedures 

Governing  equations  are  incompressible  Navier-Stokes  equations,  the  continuity 
equation  and  the  convective  diffusion  equation  of  passive  scalar.  The  numerical 
integration  method  is  based  on  a  fractional  step  method  [4],  time  integration 
is  a  2nd  Adams-Bashfort  scheme  for  the  convective  terms  and  Crank-Nicholson 
scheme  for  the  viscous  terms  as  well  as  those  for  the  scalar  fields.  For  the  spatial 
discretization,  a  second  order  central  differencing  scheme  is  adapted.  Numerical 
conditions  are  shown  in  Table  1.  As  the  boundary  conditions  for  fluid  motion, 
free-slip  condition  at  the  free-surface,  no-slip  condition  at  the  bottom  wall,  and  as 
for  passive  scalar,  constant  concentration  at  the  free-surface  and  the  bottom  wall, 
the  cyclic  condition  in  stream  and  spanwise  directions  are  imposed,  respectively. 

The  transport  equations  for  the  time-averaged  Reynolds  stresses  of  a  2D 
fully-developed  turbulent  open-channel  flow  are  given  by 

Du  'U  ■ 

—  — =  0  =  Pij  -b  TD-ij  -\-  VDij  -f  Hjj  (=  P Dij)  —  €ij,  (1) 
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where  is  w.,;  i  th-component  turbulent  velocity  (z=l,2,3),  and  the  terms  on  the 
right-hand  side  of  Eq.(l)  denote  the  rate  of  production,  turbulent  diffusion  {Pij), 
viscous  diffusion  {VDij),  velocity  pressure-gradient  (Il./j)  (=Pressure  strain  {(pij) 
-h  Pressure  diffusion  {PDij))  and  dissipation  (e^),  respectively.  All  quantities 
normalized  bythe  friction  velocity,  kinetic  viscosity  and  mean  scalar  flux  at  the 
free-surface,  were  denoted  by  the  super  script  -f . 


3  Results  and  Discussion 

Figures  1-5  show  the  budgets  of  the  turbulent  kinetic  energy  A-u7u7/2  and 
Reynolds  stresses.  Near  wall  turbulence  structure  is  as  well  as  the  wall  tur¬ 
bulence,  and  fairly  agree  with  other  DNS  data  [6]  of  closed  channel  flow  by  a 
spectral  method.  This  verifies  the  accuracy  of  the  present  numerical  simulation. 
Near  the  free-surface,  that  is  to  say,  approximately  5  percent  region  of  the  flow 
depth,  typical  turbulence  structures  caused  by  the  presence  of  free-surface  were 
existed  and  these  results  were  in  good  agreements  with  Handler  et  al  [6].  Fig¬ 
ure  6  shows  the  turbulent  viscosity  estimated  by  the  present  DNS  results.  This 
indicates  that  turbulence  models  are  required  to  be  modified  at  the  free-surface 
for  representing  the  anisotropic  turbulent  statistics  behaviors. 

Mean  scalar  profiles,  scalar  fluxes  and  fluctuation  profiles  are  shown  in  Figs. 7 
and  8.  It  can  be  seen  that  the  scalar  fluctuation  is  produced  by  both  mean 
velocity  gradient  near  wall  and  mean  scalar  gradient  near  free-surface,  but  these 
profiles  are  distinct  from  each  other.  Especially,  in  the  case  of  Sc=  5.0,  the 
turbulent  scalar  statistics  depict  the  maxima  at  near  free-surface  where  typical 
turbulence  structures  are  existed.  These  mean  that  if  the  Schmidt  number  is 
higher,  the  mass  transfer  is  enhanced  by  turbulent  structures  at  near  free-surface, 
and  indicate  that  Reynolds  analogy  between  momentum  and  scalar  transport 
couldn’t  be  applied.  Instantaneous  turbulent  scalar  fields  near  free-surface  are 
shown  in  Fig. 9.  Scalar  transport  is  gone  with  surface  renewal  vortex,  but  in  the 
case  of  Sc=  5.0,  the  filamentous  high  concentration  fragments  are  kept,  because 
the  time  scale  of  the  fluid  motion  is  so  fast  compared  with  the  scalar  diffusion 
time  scale. 
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Table  1  Numerical  conditions 


Rr 

Grid  number 
{x  X  y  X  z) 

Computional  Domain 

{Tx}  Tyi  Lz) 

Spatial  resolution 
(Aa;+,  A^+,  A^+) 

200 

128  X  108  X  128 

6.4/i,  /r,  3.2 

10, 0.5  ~  4, 5 

1.0 

200 

256  X  131  X  256 

6.4/r,/i,3.2 

5, 0.5 -2, 2.5 

5.0 

where  Rr  =  UTh/y  is  Reynolds  number,  Ur  is  friction  velocity,  h  is  flow  depth, 
ly  is  kinetic  viscosity,  a;i  (a:):streamwise  direction,  a;2(2/)  vertical  direction, 
rL-3(2):spanwise  direction  Sc  =  i^/D  is  Schmidt  number,  D  is  mass  diffusivity 


O  I’loiiuclioii 

X  'i  iiibulciit  ililYusioii - Pressure  diniisioii 

+  Viscous  dillirsion  V  Dissipation 


Fig.  i  Budget  of  turbulent  kinetic  energy 
rNJpflr  Wall'! 


Fig.2  Budget  of  t/r  near  free-surafce 
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Fig.  5  Budget  of  n’n’  near  free-surface  pjg  g  Turbulent  visocity  profiles 
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Fig.7  Mean  scalar  and  Scalar  flux  and  fluctuation  profiles 

wall-normal  scalar  llux  profiles  ® 


where  =  0  -1-  6*  is  defined  as  ,  6*  =  {C*  -  Ch)l{Cs  -  Cb),C*is  mass 
concentration,  C,  and  Cb  and  are  the  mass  concentration  at  the  free-surface 
and  the  wall,  0  is  mean  scalar,  9  is  scalar  fluctuation,  respectively. 


Fig9  Turbulent  scalar  fields  near  free-surface  (Top  view 
a)Se  =  1.0,b)5c  =  5.0 
-0.27(Black)  <9  <  0.27{White) 
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1  Introduction 

Simultaneous  measurements  of  the  velocity  and  scalar  concentration  fields  have 
been  made  in  the  plume  emitting  from  a  two-dimensional  line  source  at  the 
wall  (see  Vingont  [1]  for  additional  details).  The  source  is  one  obstacle  height, 
h,  downstream  of  a  two-dimensional  square  obstacle  located  on  the  wall  of  a 
turbulent  boundary  layer.  The  obstacle  height  is  l/7th  the  boundary  layer 
thickness.  These  measurements  were  made  in  two  fluid  media:  water  and  air,  as 
illustrated  in  Fig.  1.  In  both  media  particle  image  velocimetry  (PIV)  was  used 
for  the  velocity  field  measurements.  For  the  scalar  concentration  measurements 
laser  induced  fluorescence  (LIF)  was  used  for  the  water  flow  and  Mie  scattering 
diffusion  (MSD)  for  the  air  flow.  In  the  water  flow  this  was  done  with  iriodine 
particles  for  the  PIV  measurements  and  rhodamine  B  fluorescent  dye  for  the 
LIF.  In  the  air  flow  incense  smoke  was  used  both  for  the  PIV  and  the  MSD. 

2  Conditional  analysis  of  the  mass  fluxes 

At  4h  and  6h  downstream,  the  scalar  flux  values  were  sorted  into  eight  cate¬ 
gories  (octants)  given  by  sign  combinations  of  the  variables:  ±n,  and  ±c. 
Three  levels  above  the  wall,  1.9h,  1.3h  and  0.7h,  were  studied  because  they  are 
representative  of  the  three  major  zones:  the  outer  flow,  mixing  and  recircula¬ 
tion  zones.  At  all  three  levels  the  octants  that  correspond  to  types  of  scalar 
concentration  flux  motions  that  can  be  approximated  by  mean  gradient  scalar 
transport  models  are  the  octants  that  make  the  dominant  contributions  to  uc 
and  VC. 
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Ue  => 


Obstacle  Source  4h  6h 


Ue  => 


Figure  1:  Images  of  fiuorescine  dye  in  water  (above)  and  incense  smoke  in  air 
(below)  plumes  downstream  of  the  obstacle.  The  full  fields  of  view  are  used  for 
the  concentration  measurements;  the  smaller  boxes  in  the  images  are  the  fields 
of  view  for  the  PIV  measurements. 


3  Mass  fluxes  models 


Based  on  this  conditional  analysis  and  following  arguments  of  Wyngaard  [2] 
second  order  mean  gradient  models  of  the  momentum  and  scalar  fluxes,  uv^  vc^ 
and  W:  have  been  constructed: 


uv  = 


K 


dy 


(1) 


VC  — 


—  7*2  V'^ 


dC 

dy^ 


(2) 


and 


uc  =  Ta  {Ks  + 


dy  dy 


dy  dy  ’ 


(3) 


where  the  transport  coefficient,  Di,  is  the  product  of  the  sum  of  the  eddy  diffu- 
sivity  coefficients  in  (1)  and  (2)  with  the  time  scale  ra,  and  ri  and  T2  represent 
large-eddy  turnover  times.  The  uc  model,  which  requires  the  vc  and  uv  models, 
captures  in  great  detail  all  aspects  of  the  experimental  measurements  at  the  two 
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2 

y/h 

1 


X  =  4h,  uc/UeCs  *  10^  (a),  x  =  6/i 


y/li 


-2  -1  0 
a;  =  4/i,  uc/UeCs  *  10^  (b),  a;  =  6h 

Figure  2:  Vertical  profiles  of  streamwise  scalar  flux  downstream  of  the  obsta¬ 
cle.  Comparisons  between  direct  measurements  and  2nd  order  gradient  model 
equation  (3).  Filled  circles,  iFc  from  measurements;  open  triangles  from  model, 
(a)  Rhodamine  B  dispersion  in  water,  5c  ~  2500,  Reu  —  700  and  (b)  smoke 
dispersion  in  air,  Sc  ~  10®,  Rc/i  ~  1500.  Cg  is  the  source  mean  concentration 
and  Ue  is  the  external  flow  velocity. 


X  —  4/i,  uv/Ue^  *  10^  (b),  X  =  6h 


Figure  3;  Vertical  profiles  of  Reynolds  shear  stress  downstream  of  the  obstacle. 
Comparisons  between  direct  measurements  and  2nd  order  gradient  model  equa¬ 
tion  (1).  Filled  circles,  uv  from  measurements;  open  triangles  from  model.  See 
Fig.  2  caption  for  other  information. 
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Figure  4:  Vertical  profiles  of  cross-stream  scalar  flux  downstream  of  the  obsta¬ 
cle.  Comparisons  between  direct  measurements  and  2nd  order  gradient  model 
equation  (2).  Filled  circles,  vc  from  measurements;  open  triangles  from  model. 
See  Fig.  2  caption  for  other  information. 

measurement  locations.  The  uv  model  also  agrees  quite  well  with  the  measured 
data,  except  below  y/li.  ^  0.4.  The  vc  model  does  not  compare  as  well  in  every 
detail  to  the  measurements,  but  the  shapes  of  the  measured  and  modeled  profiles 
are  quite  similar.  Constant  turbulent  eddy  diffusivity  coefficients  were  chosen 
at  each  measurement  location  to  give  the  best  fit  of  the  models  to  the  measured 
data. 
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1  Introduction 

Variable  density  jets  are  associated  [1,2]  with  a  much  more  efficient  mixing  with 
the  ambient  air  when  the  jet  density  pj  is  smaller  than  the  air  density  Pe-  In 
particular,  to  quantify  the  centreline  evolutions  of  the  mean  longitudinal  velocity 
Uc  and  concentration  Cc,  the  downstream  location  X  must  be  normalized  by  an 
efficient  diameter  Deff  such  that  Dgjf  =  Dj{pjlpeY^^-  However,  although  the 
turbulent  field  also  reaches  its  fully  developed  stage  more  rapidly  when  pj  <  pe, 
the  as3'’mptotic  centreline  levels  of  the  velocity  turbulence  intensity  and  third 
order  moments  almost  do  not  depend  on  Rp  =  Pj/ Pe  [3,4].  Due  to  measurement 
difficulties,  turbulence  data  associated  with  the  concentration  field  are  rather 
scarce  [3,5],  and  this  is  especially  true  for  mixed  moments  involving  velocity  and 
concentration  (or  density)  fluctuations.  The  objective  of  the  present  study  is 
to  analyze  the  linkage  between  the  scalar  and  dynamic  fields  in  order  to  better 
understand  the  physical  processes  involved  in  variable  density  turbulent  mixing. 


2  Experimental  set-up 

Experiments  are  performed  in  a  facility  [4]  where  a  fully  developed  turbulent  ver¬ 
tical  pipe  flow  (Dj  =  26m7n)  of  pure  air  or  pure  helium  discharges  into  ambient 
air  [Rp  =  0.14)  in  a  slightly  confined  configuration  (velocity  Ue  =  0.9m/s,  square 
section  285  x  285mm‘^).  In  the  basic  nominal  configuration,  jets  are  compared 
at  the  same  exit  momentum  flux  Mj  so  that,  for  air  and  helium  respectively,  Uj 
is  then  12  m/s  and  32  m/s  while  the  Reynolds  number  Rej  is  21000  and  7000. 
The  air  jet  can  be  slightly  heated  (Tj  -Te  -  20K)  so  that  temperature  is  then 
a  passive  marker  of  the  flow  (Rp  =  0.94).  Velocity  measurements  are  performed 
with  a  two  component  laser  Doppler  system  (Argon  4W)  fitted  with  fibre  optics 
and  Burst  Spectrum  Analysers.  Concentration  is  inferred  from  simultaneous 
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measurements  with  a  5/i7n  hot  wire  separately  calibrated  [6]  in  terms  of  both 
velocity  and  helium  mass  fraction.  Temperature  fluctuations  are  obtained  with 
a  0.6/7,777,  cold  wire.  For  the  spectral  analysis,  the  velocity  signal  is  resampled 
with  a  01-order  interpolation  which  is  a  mixing  of  the  zero  order  and  the  linear 
interpolations.  The  chosen  resampling  frequencies  are  lOOkHz  for  measurements 
at  X/Dj  =  5  and  37 M:Hz  at  X/Dj  =  15. 


3  Results  and  discussion 

For  temperature  (Fig.  l.a)  and  helium  concentration  (Fig.  l.b),  the  axial  evo¬ 
lutions  of  the  longitudinal  velocity  u'  and  scalar  {6'  or  c')  rms  values  are  shown 
together  with  those  for  the  velocity-scalar  covariance  and  the  associated  corre¬ 
lation  coefficient.  The  faster  development  of  the  helium  jet  is  here  illustrated  by 
the  fact  that  the  position  of  the  maxima  of  the  and  (iic)  distributions  are 
attained  at  the  station  X/Dj  ^  3,  whereas  the  heated  jet  distributions  attain 
their  maxima  at  X/Dj  ^  7.  The  values  of  these  maxima  are  larger  in  the  helium 
jet,  which  is  in  good  agreement  with  the  fact  that  the  mean  velocity  and  scalar 
gradients  are  stronger  than  in  the  slightly  heated  jet.  But  the  most  interesting- 
new  feature  is  associated  with  the  significantly  smaller  value  of  the  correlation 
coefficient  Rue  (about  0.35  the  in  self-similar  region)  in  comparison  with  RuO 
(about  0.5,  a  commonly  reported  value,  see  Pietri  et  al.  [7]). 

On  the  axis  of  the  helium  jet  (Fig.  2,  left,  fx  is  the  frequency  associated  with 
the  Taylor  micro-scale),  velocity  and  concentration  spectra  at  X/Dj  =  5  are 
shifted  with  respect  to  those  at  X/Dj  =  15,  in  agreement  with  the  very  differ¬ 
ent  local  mean  velocities  {Uc{3Dj)  ~  2l.3m/s  and  Uc{l3Dj)  =  3.96m/ s).  At  a 
given  station,  the  concentration  spectrum  extends  over  a  higher  frequency  range 
compared  to  the  longitudinal  velocity  spectrum,  a  usual  observation  in  slightly 
heated  flows  which  is  related  to  the  influence  of  the  two  other  velocity  compo¬ 
nents  [8].  The  spectral  correlation  coefficients  between  scalar  and  velocity  (Fig. 
2,  right,  fx  and  f,,  arc  almost  the  same  for  the  two  sets  of  data)  show  a  negative 
contribution  to  Rue  which  is  likely  to  explain  why  R^c  Is  lower  than  RuO- 
Figures  3  present  the  skewness  factors,  of  the  longitudinal  velocity  and  con¬ 
centration  increments,  6q  =  q(xPT)  -  g(.7:),  on  the  helium  jet  axis  at  X/Dj  ~  5 
and  15.  At  X/Dj  —  5,  a  plateau,  typical  of  an  inertial  subrange,  is  obtained 
for  velocity  between  40  and  100?/.  For  smaller  r,  S^u  keeps  a  stagnant  value 
around  0.2  due  to  the  noise  associated  with  the  resampling  method  for  the  LDV 
measurements.  Comparison  with  similar  results  obtained  at  the  same  station 
from  hot-wire  measurements  in  the  air  jet  shows  that  such  a  plateau  is  not  at  all 
observable  in  the  air  jet.  The  close  to  zero  values  of  Ssc;  for  large  r  are  in  good 
agreement  with  the  zero  limit  value  independent  of  the  skewness  factor  of  the 
quantities  u  and  c.  For  the  air  jet,  Ssu  remain  at  a  zero  value  for  a  large  range 
of  7',  up  to  100//,  which  is  a  consequence  of  the  very  small  Reynolds  number 
value  (Rx  about  30)  since  the  air  jet  is  only  initiating  its  development  at  this 
station  (sec  Fig.  1).  At  X/Dj  =  15,  the  developments  of  the  helium  and  air  jets 
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are  similar,  with  an  inertial  subrange  between  20  and  150.  The  plateau  level 
of  -0.28,  characteristic  of  homogeneous  isotropic  turbulence  (H.I.T.),  is  not  ex¬ 
actly  reached  for  Ssu  because  of  the  low  value  of  the  turbulent  Reynolds  number 
(R\  about  150  in  both  jets  at  this  station).  The  limitation  due  to  the  low  mean 
data  rate  of  LDV  measurements  {4.5kHz,  to  be  compared  with  f.,^  =  7kHz)  does 
not  allow  us  to  reach  the  value  of  —0.5,  typical  of  the  vortex  stretching  at  small 
r,  as  obtained  from  the  hot-wire  measurements  of  Ould-Rouis  [9].  The  non-zero 
value  of  Ssc  in  the  helium  jet  and  for  small  r  is  the  signature  of  large  scale  ramps 
in  the  scalar  signal,  as  previously  described  for  temperature  in  slightly  heated 
jets  [10].  This  important  new  result  for  variable  density  turbulent  jets  is  also  a 
validation  of  our  measurement  technique  which  combines  LDV  and  hot  wire  to 
deduce  the  concentration  fluctuations. 

We  are  very  grateful  to  L.  Fulachier,  J.F.  Lucas  and  S.  Mucini  for  their  con¬ 
tribution  to  the  present  measurements  and  to  EDF/LNH  for  financial  support. 


Figure  1:  Velocity  and  scalar  second  order  moments  in  the  slightly  heated  (left) 
and  helium  (right)  jets. 


11(11/) 


Figure  2:  Velocity  and  concentration  spectra  in  helium  (left)  and  spectral  cor¬ 
relation  coefficients  (right). 
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Figure  3:  Ssn  and  Ssc  on  the  helium  jet  axis  at  X/Dj  =  5  (left)  and  15  (right). 
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1  Introduction 


The  turbulent  near-wake  of  a  circular  cylinder  has  a  high  degree  of  organiza¬ 
tion  and  is  dominated  by  spanwise  vorticity.  It  is  therefore  attractive  for  the 
purpose  of  identifying  turbulent  organized  structures  and  clarifying  their  contri¬ 
bution  to  turbulent  transfer  process.  However,  it  is  difficult  to  use  traditional 
techniques  to  deduce  relatively  small  scale  structures.  As  a  result,  this  affects 
our  understanding  of  turbulent  structures  of  various  scales.  In  the  past  decade, 
there  has  been  a  growing  interest  in  the  use  of  wavelet  analysis  for  turbulent 
flow  data  (Li,  1998)  [1].  This  technique  allows  time-space  and  frequency-space 
analyses  to  be  combined  and  produces  a  potentially  clearer  picture  of  time- 
frequency  localization  of  turbulent  structures.  The  present  work  firstly  develops 
a  new  signal  processing  technique,  called  vector  multiresolution  analysis  based 
on  a  two-dimensional  orthogonal  wavelet  transform.  Then  the  technique  is  ap¬ 
plies  to  experimental  data  of  the  near-wake  of  a  circular  cylinder  for  identifying 
the  turbulent  structures  of  various  scales  and  extracting  information  on  the 
intermediate-scale  and  relatively  small-scale  turbulent  structures. 


2  Orthogonal  Vector  Wavelet  Transform 

Let  us  consider  a  two-dimensional  vector  field  (x'l.aj-i)  and  a  two-dimensional 
orthogonal  wavelet  basis 

+"‘=>''^(2“”*' a,-,  -  ni)Va(2-”‘=,x-.2  -  m),  (1) 

where  tp{x)  is  an  one-dimensional  orthogonal  wavelet  basis.  The  two-dimensional 
discrete  vector  wavelet  transform  is  defined  as 

7711  ,ni\m2,n2  ~  ^ (^1  j  :7H2,712  (^‘l  5  ^2)  (2) 
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The  reconstruction  of  the  original  vector  field  can  be  achieved  by  using 

t  (.;•  .  .^4)  =  E  E  E  E  .n,  (^1  ^ 


mi  m2  ’>^1  '^2 


In  this  paper  a  new  signal  processing  technique,  called  the  vector  multires¬ 
olution  analysis,  is  proposed.  The  procedure  can  be  summarised  m  two  steps: 
(1)  Wavelet  coefficients  of  vector  data  are  computed  based  on  the  discrete  vec¬ 
tor  wavelet  transform  of  Eq.2.  (2)  Inverse  vector  wavelet  transform  of  Eq.3  is 
applied  to  wavelet  coefficients  at  each  wavelet  level,  and  vector  components  are 
obtained  at  each  level  or  scalein  the  wavelet  space. 

The  vector  multiresolution  analysis  may  process  fewer  data  by  selecting  the 
relevant  details  that  are  necessary  to  perform  an  extraction  of  the  multi-scale 
structures  and  coherent  structures,  and  may  decompose  the  vector  data  in  both 
Fourier  and  physical  spaces.  The  technique  is  unique  in  terms  of  its  capability 
to  separate  turbulence  structures  of  different  scales.  In  this  paper,  we  use  the 
Daubechies  family  with  index  =  20  as  orthogonal  wavelet  basis. 


3  Experimental  Setup  and  Results 

Experiments  were  carried  out  in  a  low  turbulence  wind  tunnel  with  a  2.4m 
long  working  section  (0.35m  x  0.35m).  A  circular  cylinder  {d  =  12.5mm.)  was 
installed  in  the  mid-plane  and  spanned  the  full  width  of  the  working  section. 
Two  orthogonal  arrays,  each  of  eight  X-wires,  were  used.  Eight  X-wires  were 
aligned  in  the  ?/)-plane,  i.e.  the  plane  of  mean  shear,  and  eight  in  the  (x, 
.^)-plane,  which  is  parallel  to  both  the  cylinder  axis  and  the  streamwise  direction. 
The  sixteen  X-wires  allow  velocity  fluctuations  u  and  v  in  the  {x,  2/)-plane  and 
u  and  w  in  the  (.7;,  z)-plane  to  be  obtained  simultaneously  with  a  sampling 
frequency  of  fs  =  2>LokHz.  The  nominal  spacing  between  X-wires  was  about 
bnnn.  Measurements  were  made  at  x/d  =  20  and  a  constant  free  stieam  velocity 
(17^  =  G.7rn/s).  The  corresponding  Reynolds  number  Re  was  5600.  More 
details  of  the  data  have  been  given  in  Zhou  et  al  (1999)  [2] 

The  spanwise  and  lateral  components  of  vorticity  can  be  defeed  in  terns 
of  the  derivatives  of  the  instantaneous  velocity  components  U  =  U  Y  u,  V  =  v 
(y  ^  0),  and  W  =  'iv  (W  =  0),  where  an  overbar  denotes  time  averaging,  viz. 


dU 

dv 

d{U  +  m)  ^ 

Av 

A(C/  +  u) 

dy 

dx 

dy 

Ay 

du 

dW  _ 

du  dw 

Ail 

Aiu 

dz  ' 

dx 

dz  dx 

Az 

Ax 

In  above  equations.  Ay  ^  Az  («  5.0mm)  is  spacing  between  two  X-wires;  Aa:  _ 
-V^At,  where  Af  -  1//.  and  Uc  =  0.87Uoo  is  the  avemge  convection  velocity. 

The  velocity  vector  data  were  decomposed  into  nine  wavelet  levels.  Figure 
1  (plates  1-3)  presents  the  decomposed  velocity  vectors  overlapping  on  the 
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corresponding  vorticity  data  for  wavelet  levels  6  to  8  in  the  (x,  y)-p\ane.  The 
frequency  range  of  the  three  levels  is  100  ~  200,  200  ~  400  and  400  ~  800772;, 
respectively,  representing  different  scales  of  turbulence  structures.  The  data  is 
compared  with  the  measured  velocity  vectors  and  vorticity  (plate  4).  Plate  1 
exhibits  four  vortical  structures  at  tUc/d=lA,  4.8,  7.0  and  9.0.  These  structures 
correspond  quite  well  to  the  large-scale  structures  in  plate  4,  which  occur  at 
frequencies  around  the  average  frequency  (108772;)  of  Karman  vorticies.  They 
are  apparently  the  uppermost  and  energy-containing  structures.  The  agreement 
between  the  measured  velocity  and  the  decomposed  data  of  the  100  ~  200772; 
range  provides  a  validation  for  the  present  data  analysis  technique.  Both  velocity 
vectors  and  vorticity  in  plate  2  show  a  number  of  structures  that  are  smaller 
than  those  in  plate  1.  Some  of  them  correspond  to  Karman  vortices  in  plate 
4,  e.g.  at  tUc/d  ?al.4,  4.8  and  9.0.  Others  correspond  to  the  saddle  regions, 
e.g.  at  tUc/d  ^2.2  and  5.7,  between  the  vortices.  These  are  consistent  with  the 
occurrence  of  rib  structures.  As  the  wavelet  level  is  increased  to  8  (plate  3),  a 
number  of  even  smaller  scale  structures  are  identifiable.  These  structures  seem 
to  occur  all  over  the  space.  However,  their  occurrence  is  rather  periodical.  It 
should  be  pointed  out  that,  as  indicated  by  the  vorticity  data,  the  structures 
decrease  in  strength  as  their  scales  reduce.  This  is  consistent  with  the  concept 
of  the  energy  cascade.  Note  that  it  is  difficult  to  identify  the  structures  smaller 
than  Karman  vortices  in  the  original  velocity  vectors  (plate  4). 

Figure  2  shows  the  data  corresponding  to  Fig  1  in  the  (a;,  2;)-plane.  The 
structures  of  100  ~  200Hz  (plate  1)  tend  to  occur  simultaneously  with  Karman 
vortices,  e.g.  at  tUc/d  ?ii4.8,  7.0  and  9.0,  and  are  probably  due  to  the  three- 
dimensionality  of  Karman  vortices.  Some  correspond  to  the  saddle  region,  for 
example,  the  one  at  tUc/d  ^  1.8.  The  structures  of  200  ~  4:00Hz  (plate  2)  also 
appear  corresponding  to  either  the  Karman  vortices  such  as  those  tUc/d  Riil.O, 
4.8  and  7.0  or  the  saddle  regions,  e.g.  the  one  at  tUc/d  «  3.2.  The  small  struc¬ 
tures  in  plate  3  behave  quite  similarly  to  their  counterparts  in  the  {x,  y)-plane. 
They  occur  regularly  and  at  approximately  the  same  periodicity  as  in  the  {x, 
y)-plane.  Although  preliminary,  the  results  presented  here  demonstrate  that  the 
orthogonal  vector  wavelet  transform  technique  can  be  used  reliably  and  effec¬ 
tively  for  decomposition  and  analysis  of  multi-scale  turbulent  structures.  The 
technique  is  unique  that  turbulent  structures  of  different  scales  can  be  separated 
and  characterized. 
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1  Introduction 

Many  engineering  processes  require  the  detailed  understanding  of  mixing  and 
entrainment.  Since  overall  rates  of  mixing  and  entrainment  are  governed,  to  a 
large  extent,  by  large-scale  coherent  motions,  obtaining  details  of  these  motions 
has  been  the  focus  of  a  great  deal  of  research.  Vernet  et.  al  [1]  recently  identified 
the  complete  three-dimensional  large-scale  structure  of  the  turbulent  far  wake  of 
a  circular  cylinder  at  Re  =  7000.  They  found  it  to  be  horseshoe-like  structure, 
as  originally  speculated  by  Theodorsen.  Townsend  and  Grant’s  double  rollers 
were  found  to  be  a  horizontal  slice  of  these  horseshoes.  Vernet  et.  al  [1]  also 
discussed  the  upstream  and  downstream  saddle  points  that  appear,  though  not 
always,  in  the  events  identified  with  pattern  recognition.  They  related  these 
motions  to  the  momentum  transfer  in  the  far  wake.  Giralt  et.  al  [2]  also  found 
that  upstream  of  the  horseshoe  structure  and  the  saddle  point  were  very  large 
rollers  (or  foci),  with  lateral  vorticity.  Neither  the  origin  of  these  motions,  nor 
their  impact  on  entrainment  and  mixing,  is  clear. 

There  has  been  debate  in  the  literature  about  the  origins  of  the  far  wake  struc¬ 
tures  with  two  points  of  view  generally  put  forward;  (i)  instability  of  the  mean 
velocity  profile,  and  (ii)  evolution  from  the  near  wake  structures.  Hayakawa  and 
Hussain  [3]  and  others  have  favoured  the  latter  point  of  view,  while,  for  example, 
Cimbala  et.  al  [4]  considered  the  former.  The  main  objective  of  this  work  is  to 
investigate  how  a  very  large  roller  with  lateral  vorticity  might  exist  upstream  of 
the  horseshoe  structure.  The  present  approach  is  to  identify  the  wake  topology 
as  it  evolves  downstream  from  the  vortex  street. 
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2  Experiments 

The  experimental  data  were  obtained  in  the  Low  Turbulence  Wind  Tunnel  of 
Universitat  Rovira  i  Virgili.  This  wind  tunnel  has  a  test  section  of  600  mm  x  600 
mm  by  3  m  long.  A  circular  cylinder  was  placed  horizontally  near  the  beginning 
of  the  test  section  at  mid-height,  spanning  the  full  width.  A  uniform  free  stream 
velocity  of  Uo  =  9.0  m/s  was  used  so  that  the  Reynolds  number,  based  on  the 
nominal  diameter,  D=11.6  mm,  was  Re=7000.  Two  orthogonal  rakes  of  4  X-wire 
probes  each  were  located  at  downstream  position  x*  =  29,  as  shown  in  Figure  1. 


Figure  1:  Definition  sketch  for  the  experiments. 


The  horizontal  rake  was  positioned  at  y*  =  -0.86.  Thus,  only  the  lower  half 
of  the  wake  was  analyzed.  Here,  and  in  the  remainder  of  this  paper,  the  spatial 
coordinates  are  normalized  as  y*  =y/D,  z*  =  z/D  and  x*  =  -Uot/D.  Taylor’s 
hypothesis  of  frozen  turbulence  was  used  to  transform  time  coordinate  to  stream- 
wise  coordinate.  The  spacing  between  adjacent  probes  is  12.5  mm.  A  convection 
velocity  of  Uc  =  0.9Uo  has  been  used  to  obtain  the  streamwise  component  of  the 
velocity  from  the  measured  u  signal.  Both,  vertical  and  horizontal  planes  were 
sampled  simultaneously  at  5000  samples  per  second  per  channel  during  40  sec¬ 
onds.  Additional  measurements  were  taken  at  x/D  =  60,  90  and  170,  although 
space  limitations  do  not  allow  the  discussion  of  the  results  from  these  locations. 


3  Analysis 

Figure  2  shows  the  u-autospectrum  at  x/D  =  29  near  the  location  of  maxi¬ 
mum  shear.  There  is  only  weak  evidence  for  the  vortex  street  (at  the  shedding 
frequency  of  159  Hz)  at  this  downstream  location  since  it  has  already  become 
significantly  randomised  (see,  for  example,  ref.  [3]).  The  autospectra  of  the 
lateral  velocity  and  coherence  functions  indicate  that  vortex  streets  may  persist 
until  about  x/D  =  60. 
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The  time  series  data  were  also  analysed  with  the  fuzzy  clustering  pattern  recogni¬ 
tion  technique  developed  by  Kopp  and  Vernet  [5].  This  technique  was  developed 
for  the  identification  of  critical  points  in  coarsely-spaced  experimental  data  such 
as  that  obtained  from  hot-wire  probes.  The  advantage  of  the  fuzzy  cluster¬ 
ing  approach  is  that  multiple  patterns  can  be  simultaneously  identified  without 
the  need  for  the  templates  used  in  ’’traditional”  pattern  recognition.  With  the 
current  data,  the  approach  is  to  identify  the  critical  points  in  one  plane  and 
examine  simultaneously  what  occurs  in  the  other.  Figure  3a  shows  the  ensemble 
average  of  saddle  points  centred  on  y*  =  -1.4  in  the  vertical  plane  while  Figure 
3b  shows  the  resulting  velocity  pattern  in  the  horizontal  plane,  averaged  at  the 
same  instants. 


Figure  2:  The  streamwise  velocity  autospectrum  at  x/D  =  29  near  the  lateral 
location  of  maximum  shear. 

About  1400  saddle  points  and  1400  foci  were  identified  in  the  vertical  plane. 
This  represents  about  22%  of  the  originally  shed  vortices.  Figure  3  accounts 
for  about  half  of  the  identified  saddle  points,  those  centred  on  the  third  probe 
from  the  top  of  the  rake.  The  passage  frequency  of  the  observed  critical  points 
was  very  broadband,  consistent  with  the  autospectrum  presented  in  Figure  2.  A 
saddle  point  is  also  observed  in  the  horizontal  plane,  corresponding  to  the  saddle 
point  in  the  vertical  plane.  Downstream  of  this  saddle  is  a  double  roller  structure 
with  two  foci,  or  at  least  what  appears  to  be  the  beginning  of  such  motions.  This 
is  the  same  topological  pattern  that  exists  in  the  far  wake  (cf.ref  [2]),  although 
the  present  ensemble-average  is  not  particularly  symmetrical,  since  one  of  the 
foci  in  the  double  roller  is  observed  to  be  rather  weak.  This  could  be  due  to  the 
rather  coarse  probe  spacing. 
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Figure  3:  (a)  Ensemble  averages  of  (u,v)  for  clusters  identified  as  saddle  points  in 
the  vertical  plane  at  x/D  =  29;  (b)  ensemble  averages  of  (u,w)  in  the  horizontal 
plane,  corresponding  to  the  events  identified  in  the  vertical  plane. 
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1  Introduction 

Many  separating  and  reattaching  flows  are  three-dimensional  and  the  under¬ 
standing  of  their  behaviour  can  be  important  for  the  design  of  engineering 
devices.  However,  only  few  experimental  investigations  are  available  of  three- 
dimensional  flows  such  as  a  swept  backward-facing  step  [1]  and  [3]  or  a  swept 
fence  with  a  splitter  plate  [2],  especially  if  control  of  the  turbulent  structure 
is  applied  to  change  the  flow  behaviour,  e.g.  to  enhance  mixing.  The  aim  of 
this  study  is  to  investigate  the  flow  over  a  swept  fence  in  order  to  improve  the 
understanding  of  its  dynamics  and  to  influence  the  size  of  the  separation  bubble 
downstream  of  the  fence  by  enhancing  the  entrainment  of  the  shear-layer  via 
forcing. 


2  Experimental  facility 

The  model  consists  of  an  elliptical  nose  followed  by  a  flat  plate  section  (length 
480mm)  and  the  swept  fence  (fig.  1).  The  fence  height  {H  =  10mm)  is  chosen 
such  that  the  flow  field  parallel  to  the  fence  is  nearly  homogeneous  up  to  an 
angle  of  30°  which  was  proved  by  wall-streamline  visualisations  and  LDV  mea¬ 
surements.  The  coordinate  system  is  therefore  orientated  on  the  fence  (fig.  1). 
The  sweep  angles  were  ct  =  0°  and  20° .  Forcing  of  the  flow  is  achieved  by  means 
of  a  slot  mounted  flush  in  the  fiate  plate  upstream  of  the  fence  (fig.  1).  Distance 
and  sweep  angle  of  the  slot  could  be  varied  with  respect  to  the  fence.  The  forcing 
array  consisted  of  a  slot  and  a  chamber  connected  via  PVC  tubes  to  six  loud¬ 
speakers.  The  loudspeakers  were  driven  by  power  amplifiers  and  controlled  by  a 

*The  authors  gratefully  acknowledge  the  financial  support  by  the  Deutsche  Forschungsge- 
mcinschaft  (DFG)  and  the  help  of  S.  Reitebuch  during  the  experiments. 
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Figure  1:  experimental  set-up 


multi-channel  arbitrary-signal  generator.  At  high  amplitudes  forcing  produced 
an  oscillating  jet  with  zero  net  mass  flux.  The  amplitude  of  the  forcing  level  was 
determined  by  phase- aver  aged  LDV  measurements  above  the  slot.  For  a  compar¬ 
ison  of  the  flow  field  at  different  sweep  angles  the  Reynolds  number,  based  on  step 
height  and  free  stream  component  normal  to  the  step  Ren  -  UoCosaH/]y,  was 
kept  constant,  and  the  bulk  of  the  measurements  was  performed  at  a  Reynolds 
number  Ren  =  5300.  The  Reynolds  number  Reo  at  the  fence  location  was  1050 
and  the  ratio  of  boundary  layer  thickness  (5  to  fence  height  h  was  2  (measured 
with  the  fence  removed).  The  mean  velocity  profiles  and  the  Reynolds  stresses 
of  the  turbulent  boundary  layer  showed  good  agreement  with  the  DNS  data  of 
Spalart. 


3  Results 

The  unforced  flow.  The  streamlines  of  the  swept  fence  {a  =  20°)  projected 
onto  the  (x,y)  plane  are  shown  in  figure  2  .  Due  to  the  crossflow  the  closed 
streamlines  form  nonintersecting  helicals  in  z  direction  and  there  are  the  two 
reverse  flow  regions  up-  and  downstream  of  the  swept  fence  with  wall-parallel 
velocity  components  normal  and  parallel  to  the  fence.  The  characteristic  length 


Figure  2:  Projection  of  streamlines  onto  the  (x,y)  plane 

scale  of  the  flow  regime  downstream  of  the  fence  is  the  reattachment  length  .t/?, 
measured  as  the  distance  between  the  fence  and  reattachment  (cjx  =  0  ).  In 
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parameter  studies  the  ratio  ^99  / h  was  varied  between  2  and  4  and  the  Reynolds 
number  Ren  between  3400  and  8400.  For  a  constant  sweep  angle  none  of  the 
two  parameters  affected  the  length  xr  of  the  downstream  reverse-flow  region. 
If  the  sweep  angle  was  increased,  however,  xr  was  reduced  as  for  the  swept 
backward-facing  step  [1].  Measurements  of  the  Reynolds  shear  stresses  u'v'  and 
of  the  turbulence  production  showed  that  these  quantities  were  larger  than  in 
the  unswept  case.  For  both  cases  the  vortical  structures  in  the  shear  layer  are 
orientated  perpendicular  to  the  incoming  flow  in  agreement  with  the  flow  over 
a  swept  step  [3). 

The  forced  flow.  The  efficiency  of  forcing  was  determined  by  the  length  of 
the  reverse-flow  region  visualized  by  a  suspension  of  petroleum  and  Ti02‘  The 
forced  flow  showed  a  significant  reduction  of  the  reattachment  length  at  high 
amplitudes  and  for  a  constant  amplitude  of  A  =  v' /Uo  =  88%  the  separa¬ 
tion  bubble  was  shortened  by  30%  for  both  angles  a  in  a  frequency  range  of 
0.03  <  StH  =  {fH)/Uo  <  0.1  (fig.  3). 


a  n  =  0“ 


''■”''0  0.02  0.04  O.OS  0.08  0.1  0.12  0.14 

St^=(l  H)/U^ 

Figure  3:  Reattachment  length  Figure  4:  Reattachment  length 

Xr  vs.  forcing  frequency  St^  xr  vs.  forcing  amplitude  A 

The  largest  reduction  of  the  reattachment 
length  was  achieved  when  the  forcing  slot 
was  parallel  to  the  fence  at  a  distance  of  ap¬ 
proximately  1.5  fence  heights  upstream.  The 
effect  of  the  excitation  amplitude  for  con¬ 
stant  Strouhal  number  SIr  =  0.05  is  pre¬ 
sented  in  figure  4.  The  largest  changes  of 
Xr  were  observed  at  forcing  levels  between 
25%  <  A  <  100%.  A  further  increase  of 
the  forcing  amplitude  required  a  dispropor- 
tionaly  large  energy  input  and  had  little  fur¬ 
ther  eff’ect,  indicating  saturation.  The  flow 
Figure  5:  Gradient  thickness  A  manipulation  enhanced  the  spreading  of  the 

shear-layer  over  the  fence.  Spreading  is  often 
described  by  the  gradient  thickness  A  =  {Umax  -  Umin) / {dU / dy) max  which  is 
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shown  in  figure  5.  Further,  all  fluctuation  levels  and  the  production  of  turbulent 
energy  were  significantly  higher  with  forcing.  This  means  that  forcing  changes 
the  turbulence  structure  of  the  flow  field  and  increases  the  mixing  in  the  whole 
reverse-flow  region,  but  at  the  same  time  enhances  the  loss  of  the  mean  motion. 
In  order  to  gather  information  about  the  dynamics  of  the  forced  flow  (a  =  20°) 
phase- averaged  velocity,  vorticity  and  streamline  fields  are  shown  in  figure  6  for 
Stii  =  0.07  and  A  =  88%  at  two  different  phase  angles.  The  vorticity  is  pre¬ 
sented  as  a  grey-coded  color  map  whereas  the  streamlines  are  viewed  from  a 
moving  frame.  Large  vortices  are  generated  downstream  of  the  fence  during  the 
suction  phase  (fig.  6a).  At  the  blowing  phase  (fig.  6b)  these  vortices  were  con- 
vected  downstream  of  the  fence.  The  excitation  produces  a  periodical  incoming- 
flow  which  generates  vortices  similar  to  those  in  a  starting  flow. 


Figure  6:  Phase  averaged  velocity,  streamlines  and  vorticit}^  a)  0  =  225°,  b) 
0  =  75° 
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1  Introduction 

In  a  flow  case  with  a  re-attaching  shear  layer  bounding  a  separation  region 
behind  a  flow  obstacle  there  are  two  diff'erent  instabilities  involved:  the  Kelvin- 
Helmholtz  instability  of  the  free  shear  layer  and  a  ’shedding’-type  instability  of 
the  entire  separation  bubble  [1].  We  investigate  the  case  of  a  turbulent  boundary 
layer  flow  over  a  surface-mounted  fence,  for  a  Reynolds  number  of  —  3000 
(based  on  fence  height,  h,  and  maximum  inflow  velocity,  f/oo)-  The  flow  is 
manipulated  by  time-periodic  blowing/suction  forcing  through  a  narrow  slot 
upstream  of  the  obstacle,  see  Figure  1.  The  purpose  of  the  control  is  to  increase 
the  exchange  of  fluid  from  the  separated  flow  regime  across  the  bounding  shear 
layer  to  the  outer  flow,  and  vice  versa,  thereby  reducing  the  size  of  the  mean 
separation  bubble  behind  the  obstacle.  There  is  an  optimum  forcing  frequency 
for  a  maximum  reduction  of  the  re- attachment  length. 

2  Discussion  of  results 

First,  a  reference  data  set  was  provided  from  a  Direct  Numerical  Simulation 
(DNS),  using  51.6  million  grid  points,  to  resolve  all  the  relevant  spatial  scales  of 
the  flow.  A  Large-Eddy  Simulation  (LES),  using  1.67  million  grid  points,  was 
validated  with  this  reference  solution  and  compared  with  experimental  data  for 
the  same  Reynolds  number  [2].  Then,  manipulated  flow  cases  were  investigated 
applying  time-periodic  forcing  with  an  amplitude  of  A  =  0.5Uoo-  High-frequency 
forcing,  with  Stri  =  fih/Uoo  =  0.60,  leads  to  about  10%  reduction  of  the 
mean  re-attachment  length.  A  much  stronger  reduction  of  about  36%  could  be 
achieved  by  low-frequency  forcing  with  Str2  =  f 2^1^00  —  0.08. 

Figure  2  shows  selected  time-spectra  for  three  typical  regions  of  the  flow: 
upstream  of  the  fence  (XXX),  immediately  at  and  after  separation  (*  *  *), 
before  and  at  re-attachment  and  further  downstream  (-t-  +  -k).  Note,  the  range 
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Figure  1:  Computational  domain  with  manipulation  slot  at  X=-3  (left)  and 
disturbance  velocity  W(t)  at  the  slot  for  the  two  different  Strouhal  numbeis 
used  in  the  simulations  (right). 


of  the  Strouhal  number  shown  in  Figure  2  is  smaller  than  actually  used  in  the 
evaluation  of  the  time  records  {StVcnioff  =  12.5). 

In  the  non-manipnlated  case  (sec  Figure  2a,  uppermost  row  of  spectra)  the 
flow  domain  in  front  of  the  obstacle  (X  X  X)  shows  spectra  which  reflect  the 
properties  of  the  incoming  boundary  layer,  in  particular  at  the  location  X=-2.1. 
The  spectra  at  the  other  two  locations  closer  to  the  fence  seem  to  be  influenced 
by  processes  related  to  the  shear  layer  bounding  the  separation  region  in  front  of 
the  fence,  i.e.  low  frequency  processes  are  amplified.  The  flow  region  at  and  after 
separation  (****)  shows  at  X=0.6  an  amplification  of  frequencies  in  the  range 
(0.3  <  Sir  <  1.8)  with  a  peak  at  Str=1.2,  (in  our  case  the  fundamental  frequency 
of  the  primary  roll-up  of  the  shear  layer).  Between  X=0.6  and  X=2.0  energy  is 
transferred  to  lower  frequencies,  first  to  Str=0.6  and  then  to  Str=0.3,  signalizing 
two  i^airing  events  in  the  shear  layer.  Around  re- attachment  (X=13.0)  most  of 
the  energy  is  contained  in  the  low  frequencies.  Further  downstream  (X  ^  20.0) 
there  is  a  peak  visible  at  Str=0.08  (in  all  three  flow  cases). 

In  the  hi(}h- frequency  forcing  case  (sec  Figure  2b,  middle  row  of  spectra)  the 
flow  in  front  of  the  fence  (X  X  X)  is  characterized  by  the  forcing  frequency  and,  in 
addition,  by  higher  levels  of  energy  for  all  frequencies.  After  separation  (*  *  *  *)^ 
the  spectra  between  X=1.0  and  X=2.0  only  exhibit  peaks  at  the  fundamental 
frequency,  Sir  =  1.2,  in  addition  to  the  peaks  at  the  (sub-harmonic)  forcing 
frequency,  Str  =  0.6.  Around  and  after  re-attachment  (d-  +  +)  the  spectra  are 
quite  similar  to  those  of  the  non-manipulated  case. 

In  the  low-frequency  forcing  case  (see  Figure  2c,  bottom  row  of  spectra)  all 
the  spectra  are  dominated  by  the  low-frequency  forcing  with  Str  =  0.08,  and 
its  higher  harmonics  also  contain  large  amounts  of  energy.  The  flow  around  and 
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Figure  2:  Energy  spectra  at  selected  locations  in  typical  flow  regions  of  the  non- 
manipulated  case  (a),  the  manipulated  cases,  Str=0.60  (b)  and  Str=0.08  (c):  left 
column  (XXX):  flow  region  in  front  of  fence,  middle  column  (****):  flow  region  at 
and  after  separation  (Z=1.287),  right  column  (+++):  flow  region  before,  at  and 
after  re-attachment  (Z= 1.287).  Note,  this  figure  does  not  show  the  total  range 
of  Strouhal  numbers  used  in  the  evaluation  of  the  spectra  {Sir cutoff  =  12.5). 
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after  re-attachment  is  dominated  by  large  structures  with  a  typical  frequency 
Str  =  Str2  =  0.08.  This  is  also  the  case  in  the  two  other  flows  but  in  this  case 
the  energy  of  these  structures  is  significantly  amplified.  In  all  three  flow  cases 
these  large-scale  structures  leave  the  separation  zone  behind  the  flow  obstacle 
and  they  are  the  first  dominant  structures  in  the  newly  developing  turbulent 
boundary  layer, 

3  Conclusions 

Manipulated  flow  cases  were  investigated  by  LES  applying  time-periodic  forcing 
through  a  narrow  slot  upstream  of  the  flow  obstacle.  High-frequency  forcing, 
with  Str  I  =  fih/Uoo  =  0.60  (the  sub-harmonic  of  the  primary  roll-up  frequency 
of  the  separated  shear  layer),  leads  to  about  10%  reduction  of  the  mean  re¬ 
attachment  length.  A  much  stronger  reduction  of  about  36%  could  be  achieved 
b}''  low-frequency  forcing  with  Str 2  =  /2fi/b^oo  =  0.08.  In  the  latter  case,  large- 
scale  coherent  structures  are  created  between  the  location  of  the  disturbance 
and  the  fence,  they  roll  over  the  flow  obstacle  (nearly  unaffected)  and  in  rolling 
downstream  they  still  grow  in  size  until  they  fill  out  the  entire  height  of  the  sep¬ 
aration  zone  behind  the  fence.  In  agreement  with  corresponding  experiments  of 
Siller  and  Feriiholz  [3]  for  a  higher  Reynolds  number  {Reh  =  10500)  the  optimum 
forcing  Strouhal  number  seems  to  be  related  to  the  low-frequency  movement  of 
the  entire  separation  bubble  and  not  to  the  instability  mode  of  the  separating 
shear  layer.  More  detailed  results  of  this  investigation  shall  be  presented  in 
Orellano  and  Wengle  [4]. 
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1  Introduction 

We  study  the  flow  past  a  sharp  edged  surface  mounted  obstacle  with  very  thin 
inflow  boundary  layers,  and  want  to  look  into  the  temporal  and  spatial  structure 
of  the  flow  -  including  the  highly  turbulent  separated  region,  where  such  infor¬ 
mation  is  rare.  Features  under  investigation  are  periodicities  in  separated  flows; 
a  low  frequency  ’oscillation’  have  been  found  [1]  in  the  outer  shear  layer,  and  at 
frequencies  much  lower  than  those  characterized  by  the  vortex  shedding  in  the 
separated  shear  layer.  We  further  wanted  to  try  finding  whether,  or  how,  this 
behavior  was  linked  to  large-scale  motions  in  the  backflow  region.  To  provide 
information  on  spatial  relationships  in  the  separation  zone  one  has  to  resort  to 
multi-point  measurements. 

2  Experimental  details 

The  experiment  was  performed  in  a  Im  x  0.5m  test  section  closed  return  wind 
tunnel.  The  triangular  shaped  model  has  a  height  of  100mm  measuring  153mm 
horizontally  from  leading  edge  to  apex  and  113mm  from  there  to  the  trailing  edge 
(figure  1,  see  [2]  for  details).  Pulsed  hot-wire  anemometry  was  used  in  regions 
of  the  flow  containing  reverse  flow.  Conventional  constant  temperature  hot¬ 
wire  anemometry  was  used  in  regions  of  lower  turbulence  intensity  (turbulence 
intensities  of,  say,  less  than  30%). 

3  Correlations 

Since  the  flow  is  highly  inhomogeneous  in  the  x-y-plane,  two-point  correlations 
R  are  presented  as  functions  of  both  probe  positions,  {xi,yi)  and  (x-2,2/2),  i.e. 

=  u{xi,yi,t)u{x2Ty2,t  +  ^t)  where  overline  represents  the 
time  mean  value.  The  correlation  coefficients  Q  are  normalized  in  the  standard 
manner,  by  the  fluctuation  intensities  at  both  probes.  To  search  for  a  coupling 
between  the  backflow  region  and  the  rest  of  the  flow,  two-point  measurements 
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were  conducted  with  probe  1  stationary  in  the  position,  x/H=6,  y/H=0.1.  Probe 
2  was  traversed  in  a  grid  comprising  of  11  x-positions  and  8  y-positions  (y/H  — 
0.1  -  2.9  in  steps  of  Ay/H  =  0.4). 


x/H  [1] 


Figure  1;  Isocontours  for  (zero  time  lag)  2-point  correlations. 

Figure  2  shows  iso-contours  of  Q  for  eight  different  time  lags  (the  lower  left 
figure  corresponds  to  figure  1).  Looking  at  the  zero  time  lag  case,  one  may 
conclude  that  the  length  scale  is  close  to  equal  to  H  in  the  x-direction,  and  a 
little  less  than  half  this  value  in  the  y- direction.  This  is  based  on  a  typically 
correlation  value  for  the  time  scale,  being  Q  ~  0.3  for  an  exponentially  decaying 
correlation.  One  further  notices  quite  significant  negative  correlation  along  the 
roof;  having  one  center  at  x/H  ^  b  and  possibly  another  somewhere  aft  of 
x/H  «  11,  with  a  positive  region  in-between. 


Figure  2:  2-point  correlations  for  different  time  lags. 

The  negative  correlations  indicate  that  there  is  a  tendency  (i.e.  in  the  mean) 
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for  the  upper  flow  to  fluctuate  in  the  opposite  direction  of  the  flow  near  the  floor. 
The  correlation  says  nothing  about  the  mechanism  behind  this,  but  remembering 
the  normalization  -  the  value  of  the  correlation  is  quite  low  compared  to  the 
fluctuations  in  the  backflow,  but  high  compared  to  the  fluctuations  near  the 
roof.  The  magnitude  of  an  effect  of  the  outer  flow  (e.g.  the  vortex  shedding)  on 
the  inner  flow  is  rather  low.  The  coupling  is  very  significant  for  the  upper  flow. 
This  may  be,  either  or  both,  correlation  between  vortices  shed  in  the  separation 
process  and  the  backflow  region  (strictly  speaking:  x/H=6,  y/H=0.1),  or  that 
fluctuations  in  the  backflow  perturbs  the  outer  flow. 


Figure  3:  2-point  correlations  for  measurements  along  ylH=2.9. 


In  a  ’convective  flow’  the  locus  of  the  correlation  should  move  downstream 
with  the  local  mean  velocity.  In  the  separated  flow  this  can  clearly  not  be 
seen  for  negative  time  lags:  the  correlation  here  seems  to  be  quite  low  in  value, 
widespread,  stationary,  and  centered  near  the  origin  (by  definition  the  case  for 
At  =  0).  For  positive  time  lags  a  maximum  correlation  point  moves  with  the 
mean  velocity,  that  is  to  say,  in  the  upstream  direction.  This  locus,  however,  has 
a  low  value,  meaning  that  it  can  not  be  said  to  be  a  convective  motion  -  merely 
that  there  is  a  tendency  for  structures  to  move  in  this  direction.  Along  the  roof 
one  can  recognize  the  negative  correlation  regions  mentioned  earlier,  moving 
downstream  with  time.  The  downstream  locus  is  located  above  the  lower  wall 
probe  for  the  first  time  lag,  and  leaves  the  measuring  domain  just  after  At  =  0. 
The  second  locus  first  appears  at  x/H=3  for  At/H  =  —4.2,  and  moves  to  the 
end  of  the  domain  during  the  time  span  covered  in  the  figure. 

A  better  understanding  of  this  structure  can  be  provided  by  plotting  the 
cross  correlation  as  function  of  time,  as  is  done  in  figure  3  for  the  points  along 
y/H=2.9.  One  can  here  see  very  large  scale  correlations  at  the  forward-most 
measuring  stations,  which  are  the  same  as  the  constant  ’0.05’  iso-contour  in  this 
region  in  figure  2.  From  x/H=l,  and  all  the  way  downstream,  a  dip  is  found 
in  the  correlation,  which  grows  somewhat  larger  and  moves  along  the  time  axis 
for  downstream  measurements.  The  dashed  line  in  the  figure  corresponds  to  a 
convection  velocity  0.6  times  the  local  mean  velocity. 

The  fact  that  the  vortices,  and  the  convection  of  them,  are  identified  by 
two-point  measurements  means  that  the  same  vortex  system  influences  both  the 
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Figure  4:  Left:  2-point  correlations  along  xlH=Q.  Right:  autocorrelations. 

fluctuations  along  the  roof  and  the  backflow.  The  oscillations  in  the  outer  flow 
show  periodicity  based  on  one-point  measurements  [2].  However,  oscillations  are 
not  identified  from  one-point  measurements  in  the  backflow,  probably  since  the 
effect  is  small  compared  to  the  general  fluctuation  level  here.  This  can  be  studied 
more  closely  in  figure  4,  where  two-point  and  auto  correlations  are  plotted  beside 
each  other,  along  x/H=6.  The  oscillations  are  visible  from  y/H=0.9  in  the  two- 
point  correlation,  but  not  for  the  lower  positions.  It  seems  as  that  the  correlation 
is  a  summation  of  a  general  exponentially  decaying  fluctuation,  and  a  (wave-like) 
oscillation.  In  the  auto  correlations  oscillations  are  seen  only  for  the  highest 
y-positions,  while  correlations  at  large  time  scales  are  found  in  both  types  of 
measurements.  It  is  noticed  that  the  large-scale  fluctuations  at  this  x-position 
are  comparable  with  the  oscillations,  i.e.  in  frequency.  This  oscillation  frequency, 
found  towards  the  reattachment  position  is  close  to  values  reported  from  other 
separated  flows,  e.g.  (Driver  et  al.  [3])  and  (Cherry  et  ah  [4]),  reporting  values 
of  ca.  0.06-0.07. 

4  Conclusions 

Oscillations  (partially  periodic)  and  large  time  scale  fluctuations  (non-periodic) 
have  been  identified  from  one-  and  two-point  measurements.  Vortices  shed  in  the 
separation  process  arc  found  to  influence  the  whole  flow  downstream.  The  mech¬ 
anisms  behind  the  large  scale  fluctuations  may  be  linked  to  a  coupling  with  the 
oscillations  in  the  latter  part  of  the  separation  zone  (comparable  in  frequency) 
or  perturbation  from  fluctuations  in  the  separated  flow  zone  (comparable  in  time 
scale). 
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1  Introduction 

In  this  work,  a  lens-less,  off-axis,  HPIV  system  is  employed  to  study  the  flow  at 
the  leading-edge  of  a  flat  plate.  Multiple  two  dimensional  velocity  maps  within 
a  three  dimensional  region  of  interest  (at  a  single  instant  in  time)  are  presented. 
The  out  of  plane  vorticity  is  extracted  from  the  velocity  fields.  Owing  to  the 
small  effective  aperture  of  the  holographic  image  it  is  not  possible  to  measure 
the  third  component  of  velocity  using  a  stereoscopic  scanner.  The  limitations 
of  the  stereoscopic  scanning  method  for  HPIV  and  some  potential  solutions  are 
discussed. 


2  Experimental  Apparatus  and  Technique 

2.1  Flow  facility  and  seed  particles 

The  experiments  were  conducted  on  the  flow  through  a  500mm  x  375mm  x  5m 
test  section  of  a  closed-circuit,  horizontal  water  tunnel.  A  perspex  test  plate 
spanned  the  test  section,  was  mounted  on  the  tunnel  floor,  and  had  a  chord- 
to-thickness  ratio  oi  Ijt  =  4.5  (figure  la).  A  Reynolds  number  of  Ret  ^  1650, 
based  on  test  plate  thickness  and  freestream  velocity,  was  used. 

2.2  Holographic  Technique 

The  details  of  the  holographic  recording  and  reconstruction  technique  are  pre¬ 
sented  in  von  Ellenrieder  et  al.  (1999).  A  cylindrical  volume  of  fluid,  25  mm  in 
diameter,  was  illuminated  with  a  laser  beam  set  at  approximately  21°  to  the  nor¬ 
mal  axis  of  the  hologram  plate  (figure  lb) .  The  laser  beam  was  aligned  so  that  it 
was  parallel  to  the  top  surface  of  the  test  plate  and  intersected  the  leading-edge 
160  mm  from  the  side  of  the  test  section.  The  plane  of  the  hologram  plate  was 
located  335  mm  from  the  region  of  interest. 
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Figure  1:  (a)  Flow  configuration,  (b)  experimental  setup. 


Two  holograms  were  recorded,  at  separate  times,  on  a  single  film  plate  by 
using  two  independent  reference  beams.  The  virtual  image  of  each  hologram 
was  reconstructed  and  a  set  of  several  cross-correlation  image  pairs  were  digi¬ 
tised  using  a  CCD  camera.  The  resulting  data  was  analysed  with  a  multigrid 
cross-correlation  algorithm  (Soria  et  al.  1999)  to  find  the  velocity  in  multiple 
2D  planes.  The  vorticity  corresponding  to  each  plane  was  extracted  from  the 
velocity  data  with  a  13  point  vorticity  calculation  method. 

3  Results 

Regions  of  reversed  flow  are  clearly  visible  in  the  vector  plots  (figure  2).  The 
separating  shear  layer  appears  as  a  concentrated  band  of  vorticity  extending 
from  the  separation  point.  Since  the  incident  laser  beam  was  not  parallel  with 
the  leading  edge  of  the  plate  (figure  lb)  every  successive  slice  in  the  cross  stream 
direction  is  further  from  the  separation  point  than  the  previous  one. 

4  Stereoscopic  Scanning 

The  error  analysis  of  Lawson  &  Wu  (1998)  for  stereoscopic  systems  reveals  that 
the  optimum  angle  of  a  stereoscopic  system  is  20°-  30°  depending  on  the  mag¬ 
nification,  f-stop  and  lens  size  of  the  cameras. 

For  a  system  such  as  the  one  shown  in  figure  3  the  scanning  angle  03  differs 
slightly  from  the  camera  angle  0i  because  the  light  rays  leaving  the  region  of 
interest  traverse  media  with  different  indices  of  refraction.  The  size  of  the  ref¬ 
erence  beam  spot  on  the  hologram  minus  the  size  of  a  camera  lens  (figure  3)  is 
the  effective  aperture  of  the  hologram.  The  maximum  0i  for  such  a  system  is 
the  inverse  tangent  of  the  ratio  of  1/2  the  maximum  aperture  to  the  effective 
distance  (refractive  index  varies)  from  the  region  of  interest  to  the  film  plate. 

For  the  conditions  in  our  flat  plate  experiment,  when  03  =  20°,  0i  =  27°.  If 
cameras  with  a  55  mm  focal  length  lens  set  to  =  2.8  are  used,  the  maximum 
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Figure  2:  Instantaneous  velocity  (left  column)  and  corresponding  vorticity  (right 
column)  fields  within  the  region  of  interest;  raw  data  is  shown  with  velocity  in 
units  of  m  s“^  and  vorticity  in  s”^.  Coordinates  are  scaled  by  the  test  plate 
thickness  t,  x  is  the  distance  from  leading  edge  of  the  plate,  and  y  is  the  height 
above  its  surface  —  the  leading-edge  of  the  plate  is  located  at  {x/t,  y/t)  =  (0,  0). 
The  top-to-bottom  sequence  of  images  shows  successive  slices  of  the  flow  spaced 
10mm  apart  in  the  cross  stream  direction. 
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Figure  3:  Stereoscopic  scanning. 


(I)i  attainable  is  3°.  Hence,  stereoscopic  scanning  of  our  holograms  is  not  feasible. 
Possible  ways  of  circumventing  this  difficulty  include  scanning  the  hologram  in 
three  dimensions  and  applying  a  3D  cross-correlation  technique  to  determine  the 
spaiiwise  velocity  or  to  restrict  the  use  of  the  method  to  flow  regions  very  near 
the  hologram  plate. 

5  Concluding  Remarks 

Th(^  use  of  HPIV  coupled  with  stereoscopic  scanning  to  image  flows  in  large 
test  sections  is  complicated  by  the  effective  aperture  of  the  holographic  image. 
However,  the  metliod  still  enables  one  to  simultaneously  acquire  several  2D  slices 
of  a  flow’s  velocity  and  vorticity  fields. 
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Background 

By  means  of  direct  numerical  simulation  the  development  of  an  initially  laminar 
shear  layer  behind  a  swept,  backward  facing  step  has  been  studied.  Transition 
occurs  prior  to  reattachment.  The  sweep  angle  a  defined  in  Fig.  1  is  varied 
between  0°  and  60°,  resulting  in  a  three-dimensional  mean  flow  with  a  maximum 
cross-flow  C0(0.4Cco)  ahead  of  the  reattachment  region.  Here,  Coo  denotes  the 
edge- velocity  of  the  boundary  layer  of  thickness  SqqIH  ^  0.2  at  the  step. 


Figure  1:  Left:  Sketch  of  the  configuration  and  definition  of  coordinate  systems.  Re¬ 
sults  for  different  sweep  angles  a  will  be  compared  at  the  same  distance  x  —  {x  —  xr)/H 
from  the  reattachment  location.  Right:  Streamlines  along  the  wall,  near  the  surface 
defining  the  separated  flow,  and  in  the  recirculation  zone. 

Results  were  obtained  with  a  finite-difference  code  of  second  order  spatial 
accuracy  with  staggered  variable  configuration  on  a  rectangular  domain  with 
dimensions  L..„  x  Ly  x  L~  —  21. bH  x  12H  x  6H  using  a  non-equidistant  mesh 
with  560  X  128  x  128  cells.  The  adequacy  of  the  resolution  was  confirmed  by 
grid  refinement  and  examination  of  spectra  [2]. 

Up  to  sweep  angles  of  40°  the  influence  of  sweep  on  shear  layer  transition 
and  reattachment  length  xr  =  0{QH)  is  weak  [3].  For  higher  sweep  angles  an 
upstream  shift  of  the  transition  location  is  observed,  resulting  in  a  reduction  of 
Xr  by  more  than  40%  for  a  =  60°  when  compared  to  the  planar  case. 

In  this  contribution,  we  focus  on  the  boundary  layer  development  down¬ 
stream  of  the  reattachment  location.  The  “recovery”  towards  a  canonical  2D 
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boundary  layer  is  twofold  since  the  upstream  flow  history  includes  both  three- 
dimensionality  and  separation.  Results  are  from  a  simulation  series  where  the 
Reynolds  number  based  on  the  step  height  and  Coo  were  kept  constant  at 
Rcoo  ==  HCoo/i^  =  3000.  At  the  domain  inlet  located  at  x/H  =  -1.5,  isotropic 
freestream  disturbances  of  magnitude  u'  =  0.0011/Coo  were  superimposed  onto 
steady  profiles  derived  from  measurements  of  [8]. 


Results 

In  Figs.  2  and  3  results  are  scaled  based  on  wall  variables.  Downstream  of 
X  =  3.6,  the  skewing  of  the  mean  flow  profile  is  weak  and  the  flow  develops 
gradually  in  a  2D  boundary  layer.  Near  reattachment,  the  direction  of  the  mean 
flow  vector  (C,  W),  of  the  shear  vector  {dU / dy ,  dW / dy) ,  and  of  the  shear  stress 
vector  {-uv,  -mfl)  differ  considerably  across  the  shear  layer.  However,  very  close 
to  the  wall  the  misalignment  is  small.  Therefore,  the  rms-value  with  respect  to 
the  direction  of  the  wall-streamline  normalized  with  Ur  can  serve  as  an  indicator 
to  what  degree  the  characteristic  process  of  near-wall  turbulence  generation  [1] 
has  been  established. 


Figure  2:  Magnitude  of  mean  flow  {y/lP~+W^) / Ur  versus  yur/i^  at  locations 
X  =  0.6,  3.6  and  9.6  downstream  of  reattachment. 


For  the  same  step-normal  distance  x  from  the  reattachment  location,  both 
mean  flow  and  rms-profiles  indicate  that  recovery  of  the  flow  towards  a  canonical 
boundary  layer  proceeds  faster  with  increasing  sweep  angle.  This  corroborates 
results  of  [7]  for  flow  of  a  turbulent  boundary  layer  over  a  swept  step.  The 
apparently  good  agreement  of  the  normalized  rms-value  at  x  =  3.6  foi  different 
sweep  angles  is  deceiving  since  the  characteristic  peak  value  u' /ur  ~  2.8  has 
not  yen  been  established  at  this  station.  As  in  [6]  we  observe  a  strong  under¬ 
prediction  of  the  log-law  intercept  close  to  the  reattachment  location. 

Part  of  the  earlier  recovery  might  be  contributed  to  the  fact  that  for  the 
same  location  x  the  development  length  of  the  boundary  la3^er  grows  approxi¬ 
mately  with  l/cosa  with  increasing  sweep  angle.  However,  close  examination  of 
the  near-wall  region  reveals  substantial  differences  among  individual  cases  even 
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Figure  3:  Rrns  of  the  velocity  fluctuation  corresponding  to  the  direction  of  the  wall- 
streamline  scaled  in  wall  variables.  Symbols  denote  channel  flow  results  from  [4]. 

Near  reattachment,  the  velocity-pressure  gradient  a  source 

term  in  the  budget  of  the  kinetic  energy  (TKE)  q^/2  =  0.5  -f-  H-  It 

scales  approximately  with  U^/H  rather  than  see  Fig.  4.  A  similar  scal¬ 

ing  is  observed  for  pressure  and  skin-friction  fluctuations  [2,  3].  For  small  sweep 
angles,  shear-production  Pi  =  is  small  in  the  vicinity  of  x  =  xr,  but 

it  becomes  the  dominant  source  term  for  cases  with  high  sweep  angles.  The 
relative  magnitude  of  other  terms  such  as  convection,  dissipation,  turbulent  and 
molecular  diffusion  of  TKE  does  not  change  much  with  sweep  angle.  Thus, 
the  observed  acceleration  of  boundary  layer  recovery  with  increasing  a  is  re¬ 
lated  to  the  step-parallel  mean  flow  component  W{y)  which  provides  the  mean 
shear  necessary  for  establishing  the  autonomous  cyscle  of  near-wall  turbulence 
generation  [1]. 


Figure  4:  Balance  of  turbulent  kinetic  energy  normalized  by  (Coo  cos  /FT  for 
a  =  0°,  30°,  50°  at  the  location  x  =  1.6. 

For  high  sweep  angles  we  observe  a  characteristic  streaky  pattern  in  the  wall- 
streamline  direction  throughout  the  reattachment  region  [2].  It  turns  out  that 
the  dimensionless  shear  parameter  ^/{dUldyy  -1-  (dW j dyY  [q^ ! e)  is  not  a  useful 
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criterion  for  prediction  of  streaks  in  this  situation.  However,  the  alternate  shear 
parameter  proposed  by  [5]  may  be  generalized  as 


to  make  it  applicable  for  3D  flows.  Streaks  are  observed  when  the  maximum  of 
this  parameter  in  the  near  wall  region  is  close  to  one. 

Profiles  of  the  second  invariant  II  of  the  Reynolds  stress  anisotropy  tensor 
h-j  =  u'-u'./q^  -  6ij/3  are  found  to  be  another  useful  indicator  for  the  state  of 
recovery  in  the  near- wall  region.  For  high  sweep  angles,  profiles  of  II (y)  exhibit 
a  characteristic  peak  off  the  wall  even  ahead  of  reattachment  whereas  the  peak 
occurs  at  the  wall  for  sweep  angles  below  a  =  40°,  see  Fig.  5. 


Figure  5:  Profiles  of  the  second  invariant  of  the  Reynolds  stress  anisotropy  tensor  at 
selected  locations  near  reattachment.  Line  coding  as  in  Fig.  2. 
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1  Background 

Our  goal  is  to  analyse  the  dominating  dynamic  structures  of  the  separating 
flow  behind  a  swept,  backward-facing  step  using  the  Karhunen-Loeve  expan¬ 
sion  (proper  orthogonal  decomposition;  see  for  example  [1])  of  velocity  fields. 
A  database  was  generated  by  direct  numerical  simulation  for  sweep  angles  a 
between  0°  (planar  case)  and  60°  [3].  The  Reynolds  number  based  on  the  step 
height  H  and  the  step-normal  component  Cmax  cos  a  of  the  incoming  flow  is  kept 
constant  at  Rca  =  i^(C'n-iax  cosa)/u  =  3180,  (Cmax  :=  maxy{y/t/'^(y)  +  hF^(y)} 
at  X  =  —0.05H).  The  inflow  consists  of  a  laminar  boundary  layer  with  a  thick¬ 
ness  of  Sqo/H  =  0.195. 

The  computational  domain  is:  x  G  [— 1.5iL,  20Ff]  (step-normal),  y  G  [0, 
11.9iL]  (wall-normal),  and  z  G  [0,6i^  =  L~]  (spanwise).  The  step  is  located  at 
X  =  0.  The  numerical  scheme  consists  of  a  finite-difference,  incompressible  NS 
solver  of  second  order  spatial  accuracy  with  staggered  variable  configuration  on 
a  non-equidistant  mesh  with  560  x  128  x  128  cells.  In  order  to  reduce  the  size  of 
the  Karhunen-Loeve  (KL)  problem,  the  results  are  filtered  onto  the  cell  centers 
of  a  mesh,  which  is  coarser  by  a  factor  2  in  x  and  y.  In  addition,  the  spatial 
domain  is  reduced  to  x  G  [O.liif,  19.4jT],  y  G  [0, 2.7iL].  This  yields  256  x  52 
points  in  the  x-y-plane. 

Because  of  the  spanwise  homogeneity  of  the  flow,  a  KL  expansion  will  result 
in  eigenfunctions  of  the  form  {x,y)  ex]}{27:ikzz/ L~),  {k~  G  No,  j  =  .t,  y,  z). 
Thus,  the  velocity  fields  were  Fourier  transformed  in  the  spanwise  direction  prior 
to  the  KL  decomposition.  The  fields  have  been  sampled  every  15  time  steps  of 
the  simulation,  which  yields  a  sampling  rate  of  At  =  0.27i7/C'niax- 
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2  Energy  spectra 

Fig.  1  displays  the  energy  spectra  for  the  a  =  O'"  case  and  for  the  sweep  angle 
a  =  40°.  The  database  consists  of  1325  time  samples  for  the  0°  case,  and  1000 
time  samples  for  the  40°  case. 
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Figure  1:  Spectra  of  kinetic  energy  E 
tions  for  sweep  angles  a  =  0°  and  40°. 
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We  did  not  subtract  the  mean  flow  prior  to  the  KL  expansion.  Hence,  a 
strong  first  eigenfunction  appears  in  the  mode  kz  =  0,  which  is  approximately 
equal  to  the  mean  flow.  Neglecting  this  eigenfunction,  the  next  6  functions 
represent  approximately  10%  of  the  energy  present  in  the  functions  >  1.  This 
holds  for  both  cases.  Up  to  /r  =  31,  the  eigenfunctions  contain  28%  of  the  energy 
(0°),  respectively  23%  (40°). 

In  the  0°  case,  the  second  and  third  eigenfunction  have  almost  identical  en¬ 
ergy,  and  are  part  of  the  mode  =  0.  Their  velocity  components  are  sinusoidal 
in  the  streamwise  direction  with  a  phase  shift  of  90°  between  the  two  eigenfunc¬ 
tions.  The  same  applies  to  their  temporal  coefficients,  such  that  the  combination 
of  the  two  eigenfunctions  represents  a  structure  which  travels  downstream.  In 
the  40°  case,  the  second  most  energetic  eigenfunction  appears  for  =  1.  Being 
a  complex  eigenfunction,  its  complex  temporal  coefficient  determines  its  ampli¬ 
tude  and  phase.  The  phase  corresponds  to  its  spanwise  location.  Thus,  moving 
structures  can  be  represented  by  a  single  complex  eigenfunction. 


3  Eigenfunctions 

Fig.  2  shows  the  second  most  energetic  mode  of  the  KL  expansion  for  40°  sweep 
angle.  Vortices  appear  which  get  amplified  up  to  x  =  5H.  They  originate  in  the 
skewed  shear  layer  which  forms  behind  the  step.  Although  other  eigenfunctions 
with  relevant  velocity  magnitudes  in  that  region  exist,  we  analyse  to  what  degree 
the  displayed  eigenfunction  represents  the  shear  layer  instability. 


Karhunen-Loeve  expansion  (POD)  of  the  Sow  behind  a  swept  ... 


275 


Figure  2:  The  second  most  energetic  KL  mode  of  the  40°  sweep  case  is  repre¬ 
sented  by  the  isosurface  Q  =  10~'^  of  the  second  invariant  Q  of  its 

velocity  gradient  tensor. 


Because  of  the  homogeneity  along  the  spanwise  axis,  spatial  amplification  is 
restricted  to  the  x-direction.  The  displayed  instability  wave  exhibits  exponential 
growth  in  the  region  1  <  <  4,  y  «  IH.  From  the  a;-wise  growth  of  the  am¬ 

plitudes  \^j{x,y)\,  we  derive  a  spatial  amplification  rate  of  -ai  =  2.b/H.  Free 
shear  layers  exhibit  a  maximum  amplification  rate  —aiOIR  0.10  {9:  momen¬ 
tum  thickness,  R:  velocity  ratio)  over  a  range  of  velocity  ratios  [2].  The  linear 
stability  analysis  of  [5]  showed,  that  the  amplification  rate  —ai  scales  with  the 
effective  velocity  ratio  in  the  case  of  skewed  mean  profiles.  This  yields  in 
our  case  a  range  of  — Ofi^/i^eir  =  0.084  (x/H  =  1)  up  to  0.15  {x/H  =  4),  see  [4]. 

In  the  region  1.5  <  x/H  <  3.5,  y  ^  IH,  the  velocity  components  of  the 
eigenfunction  behave  like  planar  waves  travelling  in  a  direction  which  forms  an 
angle  of  17°  with  the  step-normal.  According  to  [5],  the  most  amplified  wave 
travels  in  the  direction  of  the  effective  shear.  This  angle  is  found  to  vary  between 
26°  {x/H  =  1.5)  and  20°  {x/H  —  3.5)  for  the  present  case. 

The  complex  temporal  coefficient  of  the  displayed  eigenfunction  exhibits  a 
phase  progression  which  is  linear  in  time.  The  corresponding  frequency  yields  a 
Strouhal  number  based  on  the  momentum  thickness  of  St  =  f9/Uc,x  =  0.032  at 
x/H  —  1.  Here,  the  .T-component  Uc^x  of  Hie  mean  convection  velocity  vector  Uc 
is  used,  because  spatial  amplification  is  restricted  to  the  rr-direction.  At  the  end 
of  the  exponential  growth  {x/H  =  4),  the  Strouhal  number  reaches  St  =  0.059. 
For  parallel,  planar  flows,  the  Strouhal  number  of  the  most  amplified  wave  is 
known  to  be  St  =  =  0.032,  see  [2]. 

The  results  indicate  that  the  displayed  eigenfunction  is  related  to  the  shear 
layer  instability.  The  quantitative  agreement  of  instability  properties  with  par¬ 
allel  shear  flows  is  quite  good,  if  the  shear  layer  parameters  are  computed  at  the 
beginning  of  the  exponential  growth. 

In  the  turbulent  boundary  layer  downstream  of  the  reattachment  location, 
the  relationship  between  eigenfunctions  and  physical  processes  is  more  compli¬ 
cated  [6].  Fig.  3  shows  the  third  most  energetic  mode  of  the  KL  expansion,  which 
is  strong  downstream  of  the  reattachment  location  {xr  =  6.877  for  40°).  Its  phase 
speed  in  the  ^-direction  Ce..  =  u) / {27^}^-/ L.)  —  -0.090C,nax  differs  strongly  from 
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Figure  3:  The  third  most  energetic  KL  mode  of  the  40°  sweep  case  is  represented 
by  the  isosurface  Q  =  5  •  of  the  second  invariant  Q  of  its  velocity 


gradient  tensor. 


the  value  =  l.SCnmx  of  the  second  eigenfunction.  Other  eigenfunctions  ex¬ 
ist  which  exhibit  structures  with  different  orientation  and  propagation  velocity. 
They  all  contribute  comparable  energy  to  the  region  downstream  of  reattach- 
ment. 
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1  Introduction 


This  paper  presents  a  new  set  of  equations  of  incompressible  turbulent  flow  for 
both  statistical  mean  flow  and  intermittent  coherent  flows.  Unlike  the  tradi¬ 
tional  approach,  the  statistical  average  is  only  taken  on  one  group  of  turbulent 
fluctuations.  This  nonzero  average  provides  valuable  first-order  statistical  in¬ 
formation  of  the  fluctuation  field  and  gives  rise  to  additional  conditions  much 
needed  for  solving  the  closure  problem. 

2  Analysis 


For  a  large  Reynold’s  number,  the  nonlinearity  of  N-S  equations  usually  leads 
to  infinite  number  of  solutions  for  a  set  of  given  initial  conditions.  Let  Uj,  be 
one  of  the  random  samples  in  the  solution  space.  The  corresponding  fluctuating 
velocity  is  defined  as  =  ui  —  ii.  The  mean  velocity  is  obtained  from  the 
following  ensemble  average 


in  which  N  is  the  number  of  possible  solutions  of  Navier-Stokes  equations.  Now, 
w^e  divide  the  solutions  into  two  groups  according  to  the  projections  of  their 
fluctuation  components  onto  the  mean  flow  direction.  Those  solutions  with 
fluctuations  having  positive  projections  are  belonging  to  the  first  group,  or  the 
forw^ard  group.  The  remaining  solutions  are  belonging  to  the  second  group, 
called  the  backw^ard  group.  The  fluctuation  components  in  these  two  groups  are 
denoted  by  uf  and  uf.  The  ensemble  averages  of  these  fluctuations 
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are  called  forward  and  backward  drift  velocities,  respectively.  Nf  and  Nb  are 
the  numbers  of  solutions  in  each  group.  It  is  important  to  point  out  that  the 
unilateral  averages  given  in  Eq.  2  are  both  nonzero.  As  the  ensemble  average 
of  all  fluctuations  is  zero,  we  can  prove  that  Mpu^  +  =  0?  which 

MF{x,t)  =  Np/N  and  =  Np/N  are  weighting  functions  of  drift  flows. 

Although  the  two  drift  flows  are  not  symmetric,  their  weighted  values  = 
Mpu^  and  are  symmetric.  So  are  their  weighted  average  pressures 

and  p^ .  As  a  result,  only  one  weighted  drift  flow  (in  short,  drift  flow),  say  , 
is  needed  for  the  present  analysis.  It  can  be  proved  that  the  Reynolds  averaged 
N-S  equation  and  the  unilateral  averaged  N-S  equation  are 

=  -ivp  +  -  {u'  ■  V)u'  (3) 

Dt  p 

R}!L  ^  -  {u^  ■  Y)u  +  ■  Vy  -  Mp(u^  ■  V)u^  (4) 

Dt  p 

As  usual,  we  name  {xl'  ■  V)u'  —  —V  •  fp.  The  momentum  equation  of  the 
mean  flow  is,  therefore,  written  as 

=  — -Vp  +  +  V  •  f T  (5) 

Dt  p 

We  now  model  correlation  term 

Mp{u^^  •  +  Mb'V  ■  f'p  —  ^  '  fp  (6) 

such  that  the  momentum  equation  of  the  forward  drift  flow  can  be  written  as 

£IX  ^  _  S)  +  V  •  (f#  -  fr)  -  •  V)S  (7) 

Dt  p 

The  rationale  behind  the  modeling  equation  6  can  be  depicted  by  Eq.  5  and  Eq. 
7  as  a  momentum  transfer  chain  [1].  Eq.  5  and  Eq.  7  together  with  V  •  w  =  0 
and  V  •  =  0  constitute  equations  of  incompressible  turbulent  flows. 

It  is  reasonable  to  argue  that  the  fluctuation  field  constitutes  an  or¬ 
thotropic  environment  for  the  mean  flow.  The  corresponding  material  princi¬ 
pal  axes  are  tangent  and  normal  to  the  mean  streamline,  respectively.  Such  a 
flow  appears  to  be  anisotropic  because  21  constitutive  coefficients  (6  for  two- 
dimensional  flow)  vary  with  coordinates.  When  stresses  and  strains  are  ex¬ 
pressed  in  the  material  principal  coordinate  system,  only  6  constitutive  co¬ 
efficients  (3  for  two-dimensional  flow)  are  nonzero.  In  the  two-dimensional 
case,  for  instance,  one  can  construct  eddy  viscosity  coefficients  in  the  mate¬ 
rial  principal  coordinate  system  using  mean  drift  displacement  /,  such  that 
af  =  wf/icf,  o-.f  =  r?2  =  +wf/i)/2.  To  determine  the 

mean  drift  displacement  I,  we  consider  the  difference  of  kinetic  energies  at  two 
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locations  x  and  x  +  I,  AT  =  [x{x  +  0  +  uf{'X  +  01^/2  ~  [w(a;)  +  uf(x)]I2.  Ex¬ 
panding  AT  into  a  Tayler’s  series  and  using  the  principle  of  work  and  energy, 
we  obtain  the  following  energy  equation; 

IY  +  =  l-l-iv{p  +  p)  +  VL'^^-u^  +  W -f^ -{u^"  ■V)u]  (8) 

2  ^ ^  1'  D 

3=1-^'  ^ 

The  right  hand  of  the  above  equation  is  the  work  done  by  the  force  applied 
to  the  drift  flow  that  undergoes  displacement  1.  With  the  assumption  that  the 
mean  drift  displacement  always  points  to  the  direction  of  the  maximum  stress 
of  the  mean  flow,  we  can  solve  the  above  equation  for  |/|.  Integer  J  represents  a 
coherent  flow  up  to  J-th  level  of  structure. 

3  Discussions 

In  order  to  verify  the  merit  of  the  derived  equations,  we  consider  two  benchmark 
flows,  namely,  boundary  layer  flow  (transition  flow  on  flat  plate)  and  separation 
flow  (backward-facing  step).  Figure  1  shows  a  simulated  flat-plate  boundary 
layer  (solid  curve)  and  velocity  profiles  (broken  curves).  The  velocity  distribu¬ 
tion  at  the  inlet  has  a  laminar  profile.  Transition  takes  place  at  the  location 
where  Re  =  3.8  x  10^.  A  fully  developed  turbulence  profile  is  compared  with 
experimental  data  [2]  in  Figure  2.  Figure  3  show  the  mean  flow  pattern  of  the 
backward-facing  step.  It  was  obtained  by  using  a  second-order  Taylor’s  series 
in  the  energy  equation.  The  length  of  the  re-circulation  vortex  is  seven-times 
of  the  step  height,  again,  within  the  range  of  experimental  data  6.5  7.5  [3].  To 
simulate  a  coherent  flow,  we  use  only  a  first-order  Taylor’s  series  in  the  energy 
equation.  The  result  shows  a  series  of  quasi-periodic  vortex  shedding.  Figure  4 
is  just  a  snap  shot  of  one  of  them.  In  summary,  the  unilateral  average  scheme 
is  a  powerful  tool  to  extract  the  first-order  statistical  information  (precisely,  the 
first  moment)  of  turbulence  fluctuations.  The  results  shown  here  were  obtained 
by  using  the  same  equations  given  above  without  using  any  empirical  coeffi¬ 
cients  and  wall  functions.  All  the  numerical  computations  were  performed  on  a 
Pentium  200  personal  computer.  The  grid  sizes  for  the  three  flows  are  81X41, 
41X41,  and  101X61,  respectively. 
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1  Introduction 

The  Earth’s  rotation  may  be  a  crucial  factor  in  determining  the  stability  char¬ 
acteristics  of  columnar  (barotropic)  vortices  in  both  the  atmosphere  and  the 
oceans.  Small  and  mesoscale  columnar  vortices  may,  in  particular,  be  subject  to 
the  centrifugal  (inertial)  instability  due  to  the  background  rotation  although  this 
fact  has  only  been  realized  rather  recently  due  to  3-D  DNS  analysis  and  numeri¬ 
cal  stability  analysis  [1],  [2].  Theoretical  analyses  by  Smyth  and  Peltier  [1]  have 
demonstrated  that  in  the  case  of  elliptic  vortices  in  shear  created  as  a  result  of 
Kelvin-Helmholtz  instability,  the  growth  rate  of  a  mode  of  instability  associated 
with  centrifugal  destabilization  reaches  a  maximum  for  the  value  of  the  Rossby 
number,  Ro  =  uj/f,  that  is  (9(1),  when  the  vortices  are  anticyclonic.  The  differ¬ 
ence  in  the  behavior  of  cyclones  and  anticyclones  has  also  been  demonstrated  in 
the  numerical  experiments  of  Carnevale  et  al.  [2],  Our  recent  results  [4]  present 
the  attempt  to  demonstrate  such  instability  in  controlled  laboratory  conditions. 
Besides  clear  demonstration  of  inertial  instability  these  experiments  showed  the 
appearance  of  secondary  2-D  Kelvin-Helmholtz  instability  due  to  finite  ampli¬ 
tude  development  of  the  primary  inertial  instability.  This  effect  has  an  important 
dynamical  consequences.  It  is  this  secondary  instability  that  destroys  the  core 
of  the  vortex.  This  result  allowed  us  to  explain  also  the  results  of  previous 
laboratory  experiments  of  Kloosterziel  and  van  Heijst  [3]  on  isolated  vortices. 

The  main  aim  of  the  present  work  is  to  extend  our  recent  results  in  demon¬ 
strating  the  destabilizing  effect  of  rotation  on  anticyclonic  vortices  to  ’’free” 
vortices  (rather  than  vortices  generated  by  a  rotating  cylinder  as  in  the  experi¬ 
ments  of  Afanasyev  and  Peltier  [4])  and  vortex  structures,  namely  vortex  pairs 
(dipoles). 
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2  Laboratory  apparatus  and  technique 

The  experiments  were  carried  out  in  a  Perspex  tank  of  dimensions  80x80x15  cm 
mounted  on  a  rotating  turntable.  The  tank  itself  was  filled  with  a  homogeneous 
fluid  and  rotated  until  a  nearly  solid-body  rotation  was  established.  The  flows 
in  the  tank  were  then  generated  by  a  narrow  plate  rotated  about  its  vertical 
axis  for  a  short  interval  of  time.  The  rotation  rate  and  the  time  interval  were 
varied  between  the  experiments.  Vortex  pairs  (in  some  cases  with  asymmetric 
distribution  of  vorticity)  were  generated  by  the  rotating  plate.  The  horizontal 
velocity  field  in  the  resulting  flow  was  measured  using  a  PIV  technique.  Seeding 
particles  were  polyamid  spheres  of  mean  diameter  50  //m.  For  flow  visualization 
a  solution  of  pH  indicator  thymol-blue  was  employed  (see  e.g.  [5]). 

3  Experimental  results 

Two  typical  examples  of  the  evolution  of  the  unstable  flow  are  illustrated  by  the 
photographs  shown  in  Figure  1.  In  the  first  case  the  cj^clone  is  approximately  two 
times  stronger  than  the  anticyclone  thus  providing  a  strong  straining  field.  The 
core  of  the  anticyclone  becomes  unstable.  The  vortex  tube  bends  forming  dipole¬ 
like  structures  in  a  vertical  cross  section.  The  deformed  vortex  tube  then  wraps 
around  the  stable  cyclonic  vortex  so  that  the  anticyclonic  vortex  eventually 
ceases  to  exist.  The  initial  stage  of  the  evolution  of  the  anticyclone  can  be 
compared  qualitatively  with  the  results  of  numerical  simulations  of  Carnevale 
et  al  [2]  for  their  case  of  large  Rossby  number  and  strong  perturbations  where 
similar  form  of  the  perturbation  was  observed.  In  the  second  case  the  dipole  is 
symmetric  initially  and  the  Rossby  number  of  the  flow  based  on  the  peak  value 
of  vorticity  in  the  vortex  is  equal  to  =  2.2.  This  value  is  approximately  two 
times  less  than  that  in  the  previous  case.  As  a  result,  the  instability  develops 
slower  and  initially  has  an  axisymmetric  form  of  rib  vortices  of  alternating  sign. 
During  the  finite  amplitude  stage  of  the  instability  development  the  flow  in  the 
horizontal  plane  is  characterized  by  strong  jet-like  (dipolar)  perturbations  of  the 
anticyclonic  vortex  with  peak  values  of  vorticity  3-5  times  greater  that  the  mean 
vorticity  in  the  vortex  (Figure  2).  The  perturbations  eventually  decay  when  the 
Rossby  number  based  on  the  evolving  mean  vorticity  falls  to  a  level  below  the 
threshold  for  centrifugal  instability  (Ro  <  1).  Restabilized  anticyclone  has  a  new 
Rossby  number  of  approximately  0.8  (Figure  3).  This  result  agrees  well  with  the 
results  of  numerical  simulations  [2].  It  is  interesting  to  note  that  the  vortex 
pair  keeps  its  translational  motion  with  approximately  constant  speed  during 
the  development  of  the  instability  in  the  anticyclone  and  afterwards  during  the 
relaxation  stage  when  the  peak  values  of  vorticity  fall  in  both  anticyclone  and  the 
cyclone.  Thus  the  flow  corresponds  to  the  inviscid  Lamb  dipole  which  propagates 
with  constant  speed  in  an  irrotational  environment.  The  perturbations  only 
effectively  redistribute  vorticity  in  the  vortex  while  the  integral  dipolar  moment 
of  vorticity  distribution  (see  e.g.  [5])  and  hence  the  total  impulse  of  the  flow 
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Figure  2:  Velocity  and  vorticity  fields  in  the  flow  during  the  development  of 
strong  perturbations  {t/T  =  0.9)  and  at  later  time  {t/T  =  3.6)  during  the 
relaxation  of  the  flow  at  subcritical  values  of  the  Rossby  number.  Vorticity 
is  nondimensonalized  by  the  Coriolis  parameter  / .  Contours  are  given  with 
the  increment  of  0.25  starting  from  0.25.  Solid/dashed  line  shows  the  anticy- 
clonic/cyclonic  vorticity.  Distance  is  in  pixels,  1  pixel  =  0.034  cm. 


Figure  3:  Evolution  of  the  Rossby  number  estimated  by  the  mean  values  of 
vorticity  in  cyclonic  and  anticyclonic  vortices.  Time  is  nondimensionalized  by 
the  period  of  rotation  of  the  turntable. 
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1  Introduction 

The  deep  atmospheres  of  the  planets  such  as  Jupiter  and  Saturn  and  rotating 
stars  such  as  our  Sun  are  strongly  influenced  by  buoyancy  and  Coriolis  forces.  In 
addition  the  giant  planets  also  feel  the  effects  of  differential  heating  (North- South 
temperature  gradients).  The  latitudinal  variation  of  Coriolis  forces  is  crucial  to 
understanding  large-scale  motions  (scales  comparable  to  the  curvature  of  the 
body)  that  are  manifested  in  diverse  phenomena  such  as  the  differential  rotation 
of  the  Sun,  and  the  cloud  bands  on  Jupiter. 

We  describe  the  results  of  a  numerical  model  based  on  the  spectral  element 
method[6,  7,  5]  that  we  have  developed  to  study  these  competing  forces.  The 
present  simulations  are  motivated  by  a  space-laboratory  experiment  in  rotating 
convection  as  an  analog  of  the  geophysical  environment [3].  During  its  missions 
this  experiment  obtained  large  quantities  of  data  in  a  wide  variety  of  parameter 
ranges.  The  data  has  shown  many  interesting  flow  features  that  are  poorly 
understood[4]. 

Using  the  spectral  element  method  we  are  able  to  obtain  highly  accurate 
solutions  corresponding  to  the  geometry  and  parameter  regime  of  this  experi¬ 
ment.  Among  the  observed  phenomena  are  cellular  convection,  wave  motions, 
turbulence  and  its  onset,  and  mode  competition. 

This  paper  presents  simulation  results  for  a  range  of  heating  and  rotation 
rates  and  focuses  primarily  on  mean  energetics. 


2  Results 

Figure  1  shows  a  high  Ra  and  To  simulation.  For  this  case  the  rotation  is  suffi¬ 
ciently  high  that  structures  generally  align  themselves  to  the  rotation  direction 
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(as  evidenced  by  the  figure  on  the  left).  The  temperature  field  obtains  a  vortical 
structure  and  small  scale  features  are  evident.  In  Figure  2,  at  a  slightly  lower 
B.a,  where  the  rotational  effects  are  even  more  dominant,  we  have  computed 
the  azimuthally- averaged  mean  fields  of  velocity  and  temperature.  Focusing  on 
the  temperature  and  in-plane  velocity  fields  we  see  that  the  mean  field  consists 
of  roughly  four  rolls.  A  small  polar  roll,  a  slightly  larger  high-latitude  roll,  a 
broader  mid-latitude  roll,  and  an  equatorial  roll.  The  last  is  a  consequence  of 
the  artificial  equatorial  boundary  necessary  in  the  space-laboratory  experiment. 
The  other  rolls  show  confinement  to  the  tangent  cylinder  and  conform  to  the 
expected  picture  from  theory  (although  in  a  mean-field  sense)  [2].  The  confine¬ 
ment  to  the  tangent  cylinder  is  underscored  by  the  center  figure  of  the  azimuthal 
velocity,  which  shows  Taylor-Proudman  column-like  behavior.  As  we  have  noted 
this  is  visible  in  the  full  field  as  well  (Figure  1). 

Figure  3  (left)  shows  the  time-dependent  heat  flux  at  the  inner  surface  and 
illustrates  one  of  our  typical  computations.  The  transport  of  heat  in  this  system 
occurs  because  of  correlations  of  <  UrT  >.  As  the  Taylor  number  is  increased, 
the  vigor  of  convection  is  reduced,  with  attendant  decrease  in  Nusselt  number 
(Figure  3,  right).  This  figure  shows  Nu  for  both  the  inner  and  outer  surfaces,  as 
well  as  error  bars  corresponding  to  the  error  of  computing  time-averages  from 
the  finite  computations.  (Note  that  in  this  figure  and  in  Figure  4,  this  error  is 
better  represented  by  the  difference  between  time- averaged  values  at  the  inner 
and  outer  surfaces  since  the  system  does  not  heat  up  in  a  net  sense) 

Figure  4  shows  the  increase  in  heat  flux  at  moderate  and  high  Taylor  num¬ 
bers.  Note  the  change  in  the  Ra  scales.  It  is  possible  that  there  is  slope  difference 
between  these  regimes  which  we  are  currently  investigating  with  more  simula¬ 
tions.  We  note  that  the  overall  error  appears  negligible,  except  for  the  extreme 
R.a  at  the  lower  Ta. 


3  Conclusions 

We  have  performed  high  Rayleigh  and  Taylor  number  simulations  in  an  arrange¬ 
ment  motivated  by  a  space  laboratory  experiment  in  rotating  convection.  We 
have  shown  the  variation  of  Nusselt  number  with  these  parameters  and  results 
for  mean  field  dynamics.  Ignoring  the  effects  of  the  artifical  equatorial  bound¬ 
ary  the  results  are  in  general  agreement  with  theoretical  ideas,  and  previous 
computations  in  full  shells  [2,  1,  8].  Fuller  results  will  be  reported  elsewhere. 
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grant  NAG3-2139  to  University  of  Maryland.  PFF  and  HMT  acknowledge  support  by 
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High  Rayleigh  and  Taylor  Number  Convection  in  Spherical  Shel  ... 


289 


Figure  1:  Two  views  of  the  temperature  field  for  Ra  =  1.7T0®  and  Ta  =  8.9  TO*^. 
Shown  on  the  left  is  a  cut  through  the  hemispherical  shell.  Shown  on  the  right 
is  the  temperature  field  at  the  radius  corresponding  to  mid-gap  viewed  from  the 
pole. 


Figure  2:  Three  views  of  the  azimuthally-(in  the  longitudinal  direction)  and 
time-averaged  fields  for  Ra  =  1.1  •  10®  and  Ta  —  8.9  •  10®.  On  the  left  is  the 
temperature  field.  In  the  center  the  azimuthal  velocity  (in/out  of  the  plane  of 
the  paper).  On  the  right  are  velocity  vectors  corresponding  to  velocity  in  the 
plane  of  the  paper. 
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Figure  3:  Shown  on  the  left  is  the  time  variation  of  the  heat  flux  at  the  inner 
surface  for  Ra  =  1.1  •  10^  and  Ta  =  8.9  ■  10^  On  the  right  is  the  Nusselt  number 
shown  as  a  function  of  Ta  x  lO"*^  for  Ra  =  2.8  •  10'^. 
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Figure  4:  Shown  is  the  variation  of  Nusselt  number  with  Ra  x  10  ^  at  moderate, 
Ta  =  1.4  ■  10"^  and  high,  Ta  =  8.86  ■  10®.  Note  the  different  ranges  of  the  Ra  for 
these  figures. 
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1  Introduction 

Atmospheric  and  oceanic  turbulence  fields  provide  very  interesting  objects  to 
investigate  universal  structure  of  fully-developed  turbulence  as  well  as  the  buoy¬ 
ancy  effects  on  it  by  their  inseparable  nature  of  density  stratification.  Most 
of  the  experiments  on  stably-stratified  turbulence  were  made  at  small  turbu¬ 
lence  Reynolds  numbers  [2,  8].  Their  results  clarified  the  buoyancy  effect  on 
weak  turbulence  but  could  not  demonstrated  the  universal  structures  of  turbu¬ 
lence  affected  by  the  buoyancy.  Sreenivasan  [7]  pointed  out  that  a  homogeneous 
turbulence  field  of  Rx  >  250  is  needed  to  examine  the  universal  structure  of 
scalar  fields.  Such  a  passive  scalar  field  was  experimented  only  by  Mydlarski 
and  Warhaft  [5],  however,  an  active  scalar  field  at  large  Rx  have  never  been 
realized  experimentally  yet.  We  aim  to  examine  the  universal  structure  of  a 
quasi  two-dimensional  field  where  the  vertical  component  of  fluctuating  velocity 
is  suppressed  by  the  buoyancy  effect  by  realizing  a  stably-stratified  turbulence 
field  with  the  large  Reynolds  number  of  Rx  ~  300. 


2  Experiment 

Figure  1  shows  the  wind  tunnel  used  in  the  present  experiment.  It  has  a  test 
section  of  0.35x0.45  m^  in  cross  section  and  about  3.1  m  long.  A  thermal  stratifi¬ 
cation  generator  and  an  active  turbulence  generator  were  installed  just  upstream 
of  the  test  section.  The  thermal  stratification  generator  is  composed  of  20  layers 
of  heater  arrangements  having  two  coiled  heaters.  The  active  turbulence  gen¬ 
erator  [4]  is  a  kind  of  biplane  grid  with  mesh  size,  M  =  25  mm,  composed  of 
32  agitator  rods  with  many  triangular  wings.  The  agitator  rods  are  randomly 
oscillated  by  stepping  motors  and  induce  strong  turbulence  in  the  flow  passing 
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Figure  1:  Sketch  of  a  small  wind  tunnel  Figure  2:  Streamwise  evolution  of 

turbulence  energy 


through  them.  Sheet  heaters  were  attached  on  the  ceiling  in  order  to  prevent 
the  effect  of  heat  conduction  through  it. 

Four  cases  were  examined;  actively  excited  turbulence  (LSE)  and  grid  tur¬ 
bulence  (LSG)  with  the  stable  stratification,  and  excited  (NE)  and  grid  (NG) 
turbulence  in  the  neutral  condition.  Mean  flow  velocity,  U,  was  5  m/s  in  each 
case.  Linear  mean  temperature  profiles  were  given  for  the  two  stratified  fields, 
LSE  and  LSG,  of  which  the  gradients,  dO/dZ,  were  fixed  at  about  30  K/m.  Tur¬ 
bulence  Reynolds  numbers,  R\,  were  about  300  for  the  excited  cases  and  about 
20  for  the  grid  cases,  respectively.  Simultaneous  measurements  of  fluctuating 
velocity  and  temperature  were  made  by  using  a  thermo-anemometer  [3]  and  an 
I-X  probe  made  of  tungsten  wires  of  2.5  /rm  in  diam.  The  spatial  resolution  of 
the  probe  is  about  0.6 x 0.6 x 0.4  mm^.  The  error  in  measured  signal  arising  from 
the  gap  between  the  cold  wire  and  the  X  hotwire  was  compensated  by  a  digital 
delay  circuit.  Its  S/N  ratio  is  better  than  60  dB  and  the  frequency  response  is 
fiat  from  DC  to  about  5  kHz. 

3  Result  and  Discussion 

In  the  present  experiment,  turbulence  intensities  in  LSE  and  NE  were  one  or¬ 
der  of  magnitude  larger  than  those  in  LSG,  NG  and  the  other  grid  turbulence 
fields  [2,  8].  Figure  2  shows  the  decay  of  turbulence  energy  for  the  excited  cases. 
The  vertical  component,  decreases  more  rapidly  in  LSE  than  in  NE  for 

X/A4  >  60.  It  shows  the  collapse  of  w'  by  the  buoyancy.  The  heat  flux  coeffi¬ 
cient  of  LSE  begins  to  decrease  from  X/M  =  30  as  shown  in  Fig. 3.  According 
to  Lienhard  and  Van  Atta  [2],  such  turning  point  of  the  decay  corresponds  to 
the  onset  of  the  collapse  of  turbulence.  The  onset  in  the  present  experiment, 
however,  occurred  fairly  faster  than  their  results  [2],  as  shown  by  the  nondimen- 
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sional  time  based  on  Brunt-Vaisala  frequency,  Nt/2'K  0.03.  The  decay  rate  of 
the  heat  flux  is  larger  in  LSE  than  in  LSG  and  the  buoyancy  is  found  to  more 
drastically  act  on  the  turbulence  structure  in  LSE.  If  the  heat  flux  is  assumed 
to  decay  downstream  at  the  same  gradient,  the  quasi  2-D  turbulence  with  zero 
heat  flux  may  be  realized  at  X/M  «  300  in  LSE. 

In  spite  of  such  evident  buoyancy  effect  in  LSE,  the  disturbance  Froude 
number  [1],  =  u'JLN  is  slightly  larger  than  the  critical  value,  Fr^  =  1, 

see  Fig. 4.  The  difference  may  be  introduced  by  the  anisotropy  of  the  initial 
turbulence  field.  Actually,  Fvyj,  evaluated  from  the  vertical  component  directly 
suppressed  by  the  buoyancy,  is  close  to  unity.  In  addition,  the  integral  scale,  L, 
may  be  underestimated  in  LSE.  If  not,  the  other  appropriate  stability  parameters 
must  be  derived  to  describe  the  buoyancy  effect  more  accurately. 

Figure  5  shows  the  velocity  spectra  in  LSE  and  LSG.  The  energy  level  of 
velocity  spectrum  in  LSE  is  evidently  elevated  in  small  wavenumber  range  and 
the  inertial  subrange  is  clearly  observed  in  it.  The  strong  anisotropy  due  to  the 
buoyancy  effect,  in  addition  to  the  initial  anisotropy,  appears  only  in  the  small 
wavenumber  range  and  the  universal  structure  exists  over  the  wide  wavenumber 
range.  Then,  the  Kolmogorov  constant  was  about  0.5  for  both  cases  of  LSE 
and  NE.  The  temperature  spectrum  also  has  wide  inertial  subrange  in  LSE  as 
shown  in  Fig. 6.  Unlike  the  result  of  Mydlarski  and  Warhaft  [5],  the  bump  of  the 
spectral  distribution  is  not  observed  in  large  wavenumber  range.  The  present 
experiment  gave  the  Obukhov-Corrsin  constant  of  the  temperature  spectrum  of 
about  1.0  which  is  larger  than  the  mean  value  arranged  by  Sreenivasan  [7].  Such 
differences  in  the  results  may  be  caused  by  the  intrinsic  inequality  between  the 
active  scalar  and  the  passive  scalar  as  suggested  by  Monin  and  Yaglom  [6]. 


Figure  3:  Streamwise  evolution  of  heat 
flux  coefficient 


X/M 

Figure  4:  Streamwise  evolution  of  dis¬ 
turbance  Froude  number 
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Figure  5:  Turbulence  energy  spectra  at  Figure  6:  Temperature  variance  spectra 
X/M  =  60  at  X/M  =  60 

4  Conclusions 

A  stably-stratified  turbulence  field  at  R\  ^  300  was  realized  in  a  small  wind  tun¬ 
nel.  The  buoyancy  effect  directly  acted  on  the  aspect  of  the  streamwise  decay  of 
w'  and  the  heat  flux.  The  universal  spectrum  was  observed  in  wide  wavenum¬ 
ber  range  though  its  small  wavenumber  range  was  apparently  affected  by  the 
buoyancy.  The  present  turbulence  field  is  capable  of  providing  the  essential 
experimental  data  to  verify  the  universal  structure  of  the  stratified  turbulence. 

This  work  has  been  supported  in  part  by  the  Grant-in-Aid  for  Scientific 
Research  from  the  Ministry  of  Education  of  Japan. 


References 

[1]  E.  J.  Hopfinger.  J.  Geophys.  Res.,  92-C5:  5287-5303,  1987. 

[2]  J.  H.  Lienhard  and  C.  W.  Van  Atta.  J.  Fluid  Mech.,  210:  57-112,  1990. 

[3]  H.  Makita,  S.  Mori,  and  A.  Yahagi.  in  Stably  Stratified  Flows:  81-91,  1994. 

[4]  H.  Makita  and  K.  Sassa.  in  Advances  in  Turbulence  3:  497-505,  1991. 

[5]  L.  Mydlarski  and  Z.  Warhaft.  J.  Fluid  Mech.,  358:  135-175,  1998. 

[6]  A.  S.  Monin  and  A.  M.  Yaglom.  in  Statistical  fluid  mechanics,  vol.2:  387-393, 
1975. 

[7]  K.  R.  Sreenivasan.  Phys.  Fluids.,  8-1:  189-196,  1996. 

[8]  K.  Yoon  and  Z.  Warhaft.  J.  Fluid  Mech.,  215:  601-638,  1990. 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Kinematic  Simulation  for  stably 
stratified  and  rotating  turbulence 

F.  Nicolleau^  and  J.  C.  Vassilicos^ 

^University  of  Sheffield,  Department  of  Mechanical  Engineering 
^University  of  Cambridge,  DAMTP 


1  Introduction 

We  present  a  Lagrangian  model  of  both  one-particle  and  two-particle  turbu¬ 
lent  diffusion  in  high  Reynolds  number  non-decaying  turbulence  that  is  stably 
stratified  and/or  rotating  with  small  Froude  and  Rosby  numbers.  This  model  is 
a  Kinematic  Simulation  (KS)  that  satisfies  both  incompressibility  and  the  lin¬ 
earised  Boussinesq  equations  with  Coriolis  force  induced  by  a  rotation  around  a 
vertical  axis.  Hence,  turbulent  diffusion  is  anisotropic  and  is  studied  in  all  three 
directions  concurrently  with  incompressibility  satisfied  at  the  level  of  every  single 
trajectory. 

2  One-particle  vertical  diffusion 

Horizontal  one-particle  and  two-particle  diffusions  are  found  to  be  independent 
of  the  buoyancy  (Briint-Vaissala)  frequency  N  and  of  the  rotation  frequency  D. 
However,  along  the  vertical  axis,  we  observe  a  capping  of  the  particle  diffusion 
(as  in  [1]). 

<  (xsit)  -  XiHo))'^  ~  {OT~<^t-to  (1) 

in  the  case  of  pure  stratification  and,  to  some  lesser  extent,  a  capping  of  particle 
diffusion  in  the  case  of  pure  rotation  (see  Figure  1)  with  similar  scalings, 

<  {X3{t)  -  a;3(^o))^  ^  ^  ^ 

where  u'  and  L  are  a  rms  velocity  and  a  length-scale  of  the  energy  containing 
motions  respectively  and  to  is  the  time  of  release  of  the  particles.  The  conjunc¬ 
tion  of  both  effects,  rotation  superimposed  on  stratified  turbulence,  increases 
dramatically  the  oscillations  around  the  mean  plateau  (dash  curve  in  Figure  1). 
These  cappings  of  one-particle  vertical  diffusion  requires  the  consideration  of  the 
entire  3-D  flow  to  be  explained. 
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Figure  1:  One  particle  diffusion:  solid  line  2^  —  0  ,  A/"  —  200,  < 

^  as  a  function  of  [t  —  io)^-  Dotted  line  2D,  =  200,  =  0,  dashed 

line  2fi  =  200,  AT  =  200  <  (x3(t)  -  xs{to)f  >  ^  as  a  function  of  (t  -  to)’^. 


3  Horizontal  diffusion 

KS  is  a  relatively  low  time  consuming  method  and  we  have  run  many  computa¬ 
tions  varying  the  values  of  the  turbulence  stratification  and  rotation  parameters. 
We  have  enough  data  to  discuss  the  scalings  of  one  and  two  particle  diffusions  in 
the  presence  of  strong  stratification,  rotation  and  stratification  with  rotation.  In 
particular  when  *  -  io  0  we  observe  the  same  scalings  in  the  horizontal  plane 
with  and  without  rotation  and/or  stratification  (see  Figure  2).  For  all  values  of 
N  and  D  we  get: 

<  {Xi{t)  -  Xi{to)y  >~  -  to)^  (3) 

for  one-particle  diffusion  and 

<  (A.T.i(i)  -  A.^i(io))^  >-  Auo^(i  -  (4) 

for  two-particle  diffusion,  where  i  =  1,2  and  Auo  is  the  initial  differeiice  of 
velocity  between  the  pair  of  particles  (see  [2]).  For  large  times  t  -  to  >  :;jt  the 
two  particles  become  independent  and  we  retrieve  the  classical  random  walk 
behaviour. 


<  {xi{t)  -  Xi{to)f  u'L{t  -  to). 


(5) 
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Figure  2:  Comparison  between  Froude  number  and  Rosby  number  effects.  One- 
and  two-particle  diffusions  in  the  horizontal  plane  for  ft  =  300,  =  0  and  H  =  0, 

N  =  600.  Plot  on  the  left:  one  particle  diffusion  <  {xi{t)  —  Xi{to))^  >  as  a 
function  of  {t  -  to)  Plot  on  the  right;  two-particle  diffusion  in  the  horizontal 

plane  <  {xi{t)  -  Xi{to)y^  >  -^  as  a  function  of  {t  -  to) ^  (see  Nicolleau 

et  ah,  2000  for  an  explanation  of  these  scalings),  with  ^  =3.18  where  Aq  is 
the  initial  separation  between  the  two  particles.  In  both  plots  the  two  curves, 
corresponding  to  pure  stratification  and  pure  rotation,  are  indistinguishable. 


4  Two-particle  vertical  diffusion 


Whereas  two-particle  horizontal  diffusion  is  unaffected  by  the  stratification  and 
rotation,  two-particle  vertical  diffusion  is  very  significantly  affected  and  exhibits 
a  plateau  at  a  much  lower  value  than  the  one  obtained  for  one  particle  diffu¬ 
sion.  Figure  3  shows  the  two-particle  vertical  diffusion  for  pure  rotation,  pure 
stratification  and  rotation  superimposed  on  stratification.  With  pure  rotation 
the  caping  is  less  extended  than  when  there  is  stratification. 

Relation  (4)  is  still  valid  for  two-particle  vertical  dispersion  except  that  Auqs 
has  a  different  value  along  the  vertical  axis.  But  we  observe  the  same  scalings  for 
Auoa  and  Auq  and  we  do  not  observe  Auqs  — >■  0  when  and/or  ^—>00  which 
can  therefore  not  be  the  explanation  for  the  vertical  capping.  As  can  been  seen 
from  the  dashed  curve  in  Figure  3  superposition  of  rotation  on  stratification 
decreases  the  value  of  Auo3  and  enhances  oscillations  in  the  diffusion  curve. 

With  rotation  superimposed  on  stratification  we  can  generalise  the  results  of 
[1]  concerning  the  two-plateau  structure  of  two-particle  vertical  diffusion.  The 
first  plateau’s  scaling  depends  on  Auqs  The  second  plateau  is  reached  when  the 
two  particles  become  statistically  independent.  The  transition  between  the  two 
plateaux  coincides  with  the  time  when  the  two  particles  start  moving  signifi¬ 
cantly  apart  in  the  horizontal  plane. 
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Figure  3:  Two-particle  diffusion  along  the  vertical  axis.  Solid  line  pure  stratifi¬ 
cation,  dotted  line  pure  rotation,  dashed  line  rotation  superimposed  on  stratifi¬ 
cation.  <  {Axi{t)  -  Axiito))'^  >  as  a  function  of  (t  -  to)^ 

for  pure  stratification,  <  (Axi{t)  —  Axi{to))^  >  (^)  (l)  ^  as  a  function 

of  {t  -  to)^  otherwise  (in  the  case  of  stratification  with  rotation  here  we  chose 
N  =  2Q),  Tj  is  the  Kolmogorov  length  scale  and  Aq  =  0.03277. 
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1  Introduction 

The  pressure/potential-temperature  covariance  in  free  and  rotating  turbulent 
convection  with  no  mean  velocity  shear  is  analysed,  using  a  data  set  gener¬ 
ated  through  large-eddy  simulation  (LES).  Rotating  convection  is  encountered 
in  many  geophysical  and  astrophysical  fluid  systems  and  in  some  technical  ap¬ 
plications.  A  prominent  geophysical  example  is  open-ocean  deep  convection.  As 
it  was  shown  by  Mironov  et  al.  (2000),  the  potential-temperature/pressure-gra- 
dient  covariance,  {Odp/dxi)  =  Ili,  is  one  of  the  dominating  terms  in  the  budget 
equation  for  the  potential  temperature  flux,  {ui9),  in  convective  flows  affected 
by  rotation  (we  omit  primes  and  use  small  letters  to  denote  turbulent  fluctua¬ 
tions;  the  ensemble  means  are  denoted  by  angle  brackets).  This  places  heavy 
demands  on  the  accuracy  of  parameterisation  of  the  pressure  term.  A  standard 
approach  nowadays  is  to  decompose  Ili  into  the  contributions  due  to  the  non¬ 
linear  turbulence- turbulence  interactions,  Ilf,  mean  shear,  flf ,  buoyancy,  Ilf, 
and  the  Coriolis  effects,  Ilf,  and  to  model  these  contributions  separately.  We 
use  LES  data  to  resolve  the  fluctuating  pressure  field  into  turbulence-turbulence, 
buoyancy  and  Coriolis  components,  to  evaluate  contributions  from  these  compo¬ 
nents  to  Hi,  and  to  test  the  performance  of  closure  models  for  Ilf,  Ilf  and  Ilf . 
An  attempt  is  made  to  develop  an  improved  model  for  the  Coriolis  contribution, 

nf. 
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2  nf  and  Ep  from  LES  data  and  closures 

Four  convective  flows  are  generated  and  analysed.  Two  cases  are  simulations 
of  the  surface-heating-driven  convective  boundary  layers  (one  with  strong  ro¬ 
tation  and  the  other  rotation-free)  that  grow  into  a  quiescent  stably  stratified 
fluid.  The  other  two  cases  are  simulations  of  convection  between  the  two  rigid 
boundaries  (one  with  strong  rotation  and  the  other  rotation-free),  where  the 
lower  boundary  is  heated  at  the  same  rate  as  the  upper  is  cooled.  The  Rossby 
number,  Ro^  =  (S.-)^^'  (2n)“^^/■■^/?"^  in  our  simulations  with  rotation  is  small, 
Ro^  =  0.02,  indicating  that  convection  is  strongly  afifected  by  rotation.  Here, 
Bs  is  the  surface  buoyancy  flux,  Q  =  (HiH,)^/-  is  the  magnitude  of  the  angular 
velocity  of  rotation,  and  h  is  the  convective  boundary  layer  (CBL)  depth.  Po¬ 
tential  temperature  is  used  as  the  only  thermodynamic  variable,  the  equation  of 
state  is  linear,  and  the  rotation  vector  is  aligned  with  the  vector  of  gravity.  The 
turbulence  statistics  are  built  by  averaging  the  LES  fields  over  horizontal  planes 
and  over  a  number  of  large-eddy  turnover  times. 

The  slow  part  of  11,;  in  free  convection  is  well  approximated  by  the  Rotta-type 
return-to-isotropy  model,  llj  —  Ct  {uiO)  /r,  Ct  being  a  dimensionless  constant, 
with  the  relaxation  time  scale,  r,  set  equal  to  the  turbulence  energy  dissipation 
time  scale,  {uiUi)  /2  (e).  In  convection  with  rotation,  neither  the  simplest  Rotta- 
type  model  with  r  =  {uiUi)  J2  (e),  nor  more  sophisticated  two-component-limit 
(TCL)  non-linear  model  of  Craft  et  ah  (1996)  is  able  to  accurately  describe  the 
LES  data.  A  somewhat  better  agreement  is  found  when  a  limitation  is  imposed 
on  the  relaxation  time  scale  in  the  asymptotic  case  of  rapid  rotation,  r  = 
as  proposed  by  Hassid  and  Galperin  (1994).  If  one  of  the  models  considered 
is  to  be  used  for  practical  applications,  one  should  put  up  with  possible  large 
uncertainties. 

In  non-rotating  convection,  the  buoyancy  contribution  compensates  about 
one  half  of  the  buoyant  production  term  in  the  flux  budget  equation,  Hf  = 
with  Cb  =  0.5  (A  is  the  buoyancy  parameter  in  direction  .tJ.  In 
convection  with  rotation,  this  simple  linear  model  fares  poorly.  A  reasonably 
good  fit  to  data  throughout  the  CBL  cannot  be  obtained  by  simply  varying  the 
value  of  Cb-  The  TCL  model  of  Craft  et  al.  (1996),  Hf  =  (|^ij  ~  o^ij)  (^j 
where  o,ij  =  -  jSij  is  the  departure-from-isotropy  tensor,  shows  better 

agreement  with  LES  data,  although  some  uncertainties  remain.  The  relative 
importance  of  the  buoyancy  contribution  to  H^  decreases  with  the  increasing- 
rotation  rate. 

In  contrast,  Hp  becomes  more  important  as  the  rotation  rate  increases.  Nei¬ 
ther  the  simplest  linear  model  for  the  Coriolis  contribution,  Hf  =  Cc^ijkMj  (ukO), 
where  Cc  is  a  dimensionless  constant,  nor  a  more  complex  model,  where  Cc  is 
not  a  constant  but  a  non-linear  function  of  aij,  is  adequate.  Neither  model  ap¬ 
propriately  accounts  for  the  component  of  the  angular  velocity  of  rotation  that 
is  parallel  to  the  component  of  the  pressure  gradient  in  question.  In  the  seem¬ 
ingly  simplest  case  considered  in  the  present  paper,  where  the  rotation  vectoi  is 
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aligned  with  the  vector  of  gravity,  these  models  yield  Rf  that  is  identically  zero. 

3  Proposed  formulation  for  nf 

In  an  attempt  to  develop  a  more  realistic  model  of  Ilf ,  we  basically  adhere  to 
the  TCL  approach  of  Craft  et  ah  (1996).  Ilf  is  represented  in  the  form  Ilf  — 
-2bi,.jieja-Rh  where  the  tensor  b{,ji  should  satisfy  the  conditions  of  symmetry, 
bkji  =  hij,  continuity,  bkH  =  0,  and  normalisation,  bkjj  =  {ukO).  We  assume 
that  in  turbulent  flows  strongly  affected  by  the  background  rotation  the  tensor 
bi,..ji,  apart  from  being  a  function  of  {ui9)  and  Q,ij,  explicitly  depends  on  the 
rotation  tensor  Vij  =  2cujftir,  where  r  is  the  turbulence  time  scale,  which  can  be 
set  equal  either  to  the  turbulence  energy  dissipation  time  scale,  r  =  {uiUi)  /2(e), 
or  to  the  time  scale  of  the  dissipation  of  the  temperature  variance,  t  =  (9'^)  /  (eo). 
With  due  regard  for  the  linearity  principle,  suggesting  that  b^ji  should  be  linear 
in  {ui9),  we  consider  an  expression  for  b^ji  of  the  third  order  in  aij  and  of  the 
first  order  in  r-ij.  Dimensionless  constants  in  that  expression  are  determined  by 
applying  the  above  symmetiy,  continuity  and  normalisation  constraints,  and  the 
TCL  constraint.  The  TCL  constraint  requires  that,  when  one  of  the  velocity 
components  vanishes,  the  net  Coriolis  contribution  to  the  transport  equation  for 
the  corresponding  component  of  the  temperature  flux  also  vanishes.  For  Ilf, 
this  gives  bkjzCjikRi  -  cs/a-^/  {uh9}  =  0.  As  a  result,  we  obtain  an  expression 
for  nf  that  contains  only  one  extra  empirical  coefficient  as  compared  to  models 
that  are  linear  in  In  the  case  considered  in  the  present  study,  where  only 

the  vertical  component  of  the  angular  velocity  of  rotation  is  present,  it  greatly 
simplifies  to  give 

W39)  ,  (1) 

where  Cc  is  a  dimensionless  constant. 

As  seen  from  Fig.  1,  the  proposed  formulation  with  r  =  {9'^)  /  (eo)  appears 
to  satisfactorily  compare  with  the  LES  data  in  the  core  of  the  CBL.  The  model 
fails  in  the  entrainment  la3-er  at  the  CBL  outer  edge.  The  entrainment  la^^er 
requires  special  consideration. 

4  Conclusions 

•  The  pressure-potential  temperature  covariance  in  free  and  rotating  con¬ 
vection  is  analysed  through  large-eddy  simulation. 

•  Using  the  framework  of  the  two-component-limit  model  of  Craft  et  al. 
(1996),  an  improved  formulation  for  the  Coriolis  part  of  Hi  is  developed 
and  checked  against  LES  data. 
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Figure  1.  Vertical  profiles  of  the  Coriolis  component  of  the  potential-tempera- 
ture/pressurc-gradient  covariance  in  convection  between  the  two  rigid  bound¬ 
aries,  left  panel,  and  in  the  CBL  growing  into  a  quiescent  stably  stratified  fluid, 
right  panel.  Dashed  curves  show  11^  from  the  LES  data.  Dot-dashed  curves  are 
computed  from  Eq.  (1)  with  Cc  =  0.16  and  r  =  {uiUi)  /2  (e).  Solid  curves  are 
computed  from  Eq.  (1)  with  Cc  =  0.16  and  r  =  {0‘^)  /  (e^).  Curves  are  nor¬ 
malised  with  where  and  6^  =  Qs/^^*  the  Deaidoiff 

convective  velocity  and  temperature  scales  {Qs  is  the  surface  potential  tempe¬ 
rature  flux). 
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The  basic  result  of  turbulence  theory  is  the  Kolmogorov  spectrum  experi¬ 
mentally  confirmed  both  in  laboratory  studies  and  atmospheric  observations  [1]. 
It  was  derived  from  the  hypothesis  that  the  only  dimensional  constant  of  the  de¬ 
veloped  turbulence  in  the  inertial  range  is  the  rate  of  energy  dissipation  per  unit 
mass.  Attempts  to  justify  this  spectrum  theoretically  have  not  yielded  entirely 
satisfactory  results  yet.  Meanwhile,  the  Kolmogorov  spectrum  is  not  the  only 
spectrum  that  has  been  observed  experimentally  in  turbulent  incompressible  flu¬ 
ids  [2],  We  study  universal  spectral  ranges  and  parameters  governing  their  onset 
when  the  finite  correlation  time  of  the  force  that  drives  fluid  motion  is  taken 
into  account.  Turbulent  flows  were  found  for  which  Kolmogorov’s  theory  is  valid 
and  those  that  cannot  be  described  by  it  [3],  [4]. 

To  describe  large  Reynolds  numbers  flows,  the  Euler  equation  with  external 
force  f(r,  i)  is  applied 

— -f  (vV)v  = -Vp  +  f(r,  ^),  divY  =  Q  (1) 

(y  b 

<  f(r,t)  >=  0,  <  f(ri,ii)f{r2,t2)  >= 

Here  K  describes  correlational  properties  of  the  force  f  sustaining  media  in 
motion,  and  f  K  drdt  =  VqTo  by  the  definition  of  /g  (  rg  and  rg  are 

spatial  and  time  scales  of  the  acting  force).  The  last  integral  converges  and  is 
nonzero;  it  constitutes  the  only  limit  imposed  on  the  force  that  brings  the  liquid 
into  motion.  Without  any  loss  of  generality,  we  consider  the  force  f  as  purely 
solenoidal  and  include  potential  part  in  the  pressure  gradient. 

In  order  to  study  the  spectral  properties  of  the  problem  stated  by  Eq.  (1), 
a  kinetic  equation  for  the  Lagrangian  particles  of  an  incompressible  fluid  in  the 
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limit  Re  +oo  was  used  and  the  generalized  two-particie  distribution  function 
F2(t,  1,2)  was  obtained  [5].  If  that  function  is  a  solution  of  the  kinetic  equation, 
then  the  function 


^  ■^^ai,Ar2,A  ^V2,\  ^  '^^a2 

(3) 

as  can  be  easily  shown,  is  also  its  solution,  if  an  external  force  is 


=  A2^+if(Ar,A'+^t), 


(4) 


where  A  >  0  and  A  are  arbitrary  numbers  [3].  The  kinetic  equation  formalism 
makes  it  possible  to  describe  turbulence  in  terms  of  an  evolution  problem. 

In  order  to  study  the  large-scale  structure  of  a  flow,  we  choose  the  number  A 
so  that  in  the  limit  A  Too  the  function  1,  2)  approaches  a  finite  limit. 

This  requires  that  the  correlator  of  the  force  (4)  has  a  finite  limit  as  A  -(-oo, 
and  therefore  it  can  be  shown  that  A  =  Aoo  =  2/3  and  the  relation 

<  v(r, •  v(0,^)  >=  Cl  for  r  >>  max  ^ro, 


holds,  where  Ci  is  a  universal  constant.  The  governing  parameter  in  the  large- 
scale  range  is  Cq  =  /o  ToTo.  We  can  confirm  that  the  correlator  (5)  is  propoprtional 
to  at  large  distances.  The  power  law  character  of  the  right  hand  side  of 

Eq.  (5)  was  not  postulated,  but  proven.  The  correlator  (5)  leads  to  a  spectrum 
E(k)  oc  kdC  in  the  large-scale  range,  as  confirmed  experimentally. 

The  universality  of  large-scale  turbulence  was  detected  in  our  magnetohydro¬ 
dynamic  (MHD)  experiments,  where  mercury  flow  was  placed  into  a  transverse 
magnetic  field  [6].  The  peculiarities  of  the  behavior  of  large-scale  turbulence 
lead  to  the  appearance  of  a  spectral  range  with  the  slope  of  1/3.  A  phenomeno¬ 
logical  model  [6]  developed  for  the  description  of  large-scale  range  of  such  tur¬ 
bulence  spectra  involved  total  dissipation  eg  =f  £(r)dr  in  the  spatial  region 

R 

R.  as  a  governing  parameter  similar  to  Cq  derived  above  from  the  kinetic  equa¬ 
tion.  Therefore,  a  well-grounded  assumption  can  be  made  that  the  revealed 
universality  obtained  rigorously  for  the  case  without  intermittency  also  exists  in 
intermittent  flows. 

Our  experimental  results  show  that  it  is  large-scale  turbulence  that  possesses 
the  feature  of  universality  even  under  the  condition  of  different  self-similar  small- 
scale  fluctuation  modes.  In  fact,  there  exist  spectra  obtained  in  various  turbulent 
flows  which  have  the  slope  1/3  in  the  large-scale  range,  whereas  their  slopes  in 
small  scales  are  different.  Thus,  A4HD  turbulence  spectra  have  -7/3  slope  in 
the  small-scale  range.  With  increasing  interaction  parameter  and  turbulence 
transition  into  intermittent  mode,  the  slope  in  this  range  becomes  close  to  -4. 
However,  despite  this,  the  spectral  slope  in  the  large-scale  range  remains  close  to 
1/3  in  both  cases.  The  spectral  slope  1/3  also  is  observed  in  a  stable  atmospheric 
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boundary  layer  [7]  and  in  such  an  excited  dynamic  system  as  cirrus  [8],  where 
spectral  slope  in  small-scale  range  is  also  close  to  helical  one  [9].  There  are  also 
observed  turbulence  spectra  where  the  large-scale  spectral  slope  1/3  conjugates 
with  Kolmogorov’s  spectrum  -5/3  in  the  small-scale  range.  Such  velocity  spectra 
are  observed  in  the  atmospheric  boundary  layer  [10],  [11].  Both  atmospheric 
and  MHD  turbulence  spectra  discussed  above  clearly  demonstrate  large-scale 
spectral  slope  1/3.  Now  we  can  think  that  formal  difficulties  in  the  validation  of 
Kolmogorov’s  spectrum  connected  with  infrared  divergence  were  hiding  a  new 
physical  phenomenon,  namely,  the  universality  of  large-scale  turbulence. 

The  examination  of  the  small-scale  structure  of  the  flow  is  reduced  to  choosing 
A  =  Ao  =  —1/2  in  Eq.  (4),  which  ensures  the  existence  of  a  finite  homogeneous 
function  limA-->+oE2’"^^^’^^-  This  implies  that 

<  (v(r,f)  -  v(0,£))‘^  >=  C2for  for  r  «  min  (ro,/oTo)  ,  (6) 

where  C2  is  a  universal  constant.  A  numerical  study  has  been  made  of  turbulent 
flows  driven  by  a  constant  force  applied  to  the  fluid  [12].  It  was  found  that 
in  certain  directions  (in  the  simulations  the  external  force  was  chosen  to  have 
a  spatial  period  and  not  depend  on  time)  a  spectrum  E{k)  ~  l/k^  is  formed, 
rather  than  the  Kolmogorov  spectrum  E{k)  ~  1/A;'^/^.  This  is  in  accord  with 
Eq.  (6)  and,  we  believe,  validates  the  ideas  developed  here. 

To  study  the  flow  at  scales  from  ro  to  /oTq  ,  we  will  discuss  a  limiting  case 
7  =  /oTo/ro  <<  1.  If  7  <<  1  and  |ri  -  r2|  <<  ro  the  force  correlator  (2)  can 
be  set  equal  to 

<  f(ri,£i)  ■  f(r2,£2)  >= 

Eq.  (7)  allows  the  discussion  for  distances  [ri  —  r2|  <<  7'0  5  while  the  limit 
A  -)■  -boo  ensures  it  for  |ri  -  r2|  >>  7ro.  Thus,  for  77-0  <<  |ri  -  r2|  <<  ro,  the 
flow  can  be  described  by  a  uniform  function  limA->+ooE’2  and 

<  (v(r,£)  -  v(0,£))^  >=  CsifoTor)'^^^  for  7ro  <<  r  <<  ro  (8) 

holds,  i.e.,  the  Kolmogorov-Obukhov  law  is  satisfied  within  this  scaling  interval. 
Therefore,  for  the  discussed  method  of  exciting  turbulence,  Kolmogorov  spec¬ 
trum  develops  only  when  the  condition  7  <<  1  is  imposed  on  the  external  force. 
Only  in  this  case  does  a  constant  with  the  dimensions  of  power  dissipated  per 
unit  mass  stops  to  be  the  determining  parameter  within  a  certain  spectral  range. 

The  energy  dissipated  per  unit  time  per  unit  mass  (specific  power  dissipation 
e),  is  determined  by  the  new  dimensionless  parameter  T  =  7“^/^  Re,  where  R,e 
=  roifiroToY^^ /n  for  7  <<  1  and  Re  =  ro(foro)^^'^ /i'  for  7  >>  1.  There 
are  three  cases  that  can  occur  in  turbulent  flows  (Re  >>  1).  For  7  <<  1 
and  r  <<  1,  according  to  Eq.  (6),  the  viscous  length  exceeds  /qTo,  i.e.,  the 
Kolmogorov  spectrum  is  immediately  adjacent  to  the  viscous  range.  The  specific 
power  dissipation  in  this  case  can  be  estimated  as  e  ~  f^To  (the  viscous  loss 
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over  scale  lengths  on  the  order  of  the  viscous  length),  and  it  is  independent  of 
the  viscosity  (cf.  Eq.  (8)),  This  result  is  entirely  consistent  with  the,  by  now, 
classical  statement  that  viscous  losses  in  a  turbulent  fluid  are  independent  of 
the  viscosity  value.  However,  as  we  shall  now  verify,  this  case  is  only  valid  as 
long  as  the  Kolmogorov  range  is  immediately  adjacent  to  the  viscous  range  and 
therefore  a  spectrum  range  with  E{k)  ~  1/A;^  is  absent. 

One  of  the  main  results  of  this  study  is  a  proof  that  the  concepts  of  the 
universality  of  developed  turbulence  in  incompressible  fluids  arising  from  the 
classical  work  of  Kolmogorov  do  need  substantial  refinement.  An  important 
new  result  obtained  by  taking  the  finite  correlation  time  of  the  driving  source 
into  account  is  some  nontrivial  physics  of  the  energy  transfer  over  the  spectrum. 
Namely,  several  universal  ranges  actually  appear  in  the  turbulent  spectrum, 
whose  appearance,  relative  position  and  wavenumber  interval  are  determined  by 
the  parameters  of  the  source  that  drives  the  fluid  into  motion.  The  universality 
of  large-scale  turbulence,  as  the  theoretical  study  and  the  experiment  show,  is 
independent  of  small-scale  turbulence  modes.  Classification  of  turbulent  flows 
established  here  for  the  first  time  may  be  of  interest  in  a  number  of  geophysical 
and  technological  problems. 
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abstract  In  the  high  Reynolds  number  boundary  layer,  although  the  shear  stress  is 
constant  and  the  mean  velocity  profile  is  logarithmic  throughout  the  surface  layer,  the 
turbulence  structure  changes  near  the  wall  in  a  lower  ’eddy  surface  layer’.  It  is  shown 
that  measurements  of  spectra  and  correlations  are  consistent  with  the  mechanisms  of 
mean  shear  distortion,  blocking  and  shear  stresses  acting  on  the  largest  eddies  as  they 
impinge  from  the  outer  layer  onto  the  wall  (top-down  concept)  and  with  the  new  results 
of  Rapid  Distortion  Theory  applied  to  these  inhomogeneous  flows,  using  the  hypothesis 
of  a  finite  shear  strain. 

1  Introduction 

Recent  atmospheric  and  high  Reynolds  number  laboratory  turbulent  boundary 
layer  measurements  have  shown  how  the  one-dimensional  spectra  and  cospectra 
£^11,  ^22,  ^33,  Eis  of  the  three  velocity  components  (wi,  U2,  us)  vary  rapidly 
and  in  quite  different  ways  near  the  ground  (where  z  =  0)  (fig.  1)  (Fuehrer  & 
Friehe  [1],  Kim  &  Adrian  [5]).  Moreover,  the  characteristic  streamwise  length  of 
the  eddies  near  the  ground,  A,  can  be  as  large  as  three  times  the  boundary  layer 
depth  h  (even  extending  to  17 h  for  pipe  flow  (Kim  &  Adrian  [5])  ). 

The  conceptual  analysis  of  such  a  high  Reynolds  number  boundary  layer  is 
made  in  Hunt  &  Morrison  [4],  who  showed  that  the  main  mechanism  is  a  top- 
down  behaviour,  where  eddies  formed  in  a  layer  above  the  surface  impinge  onto 
the  wall.  The  atmospheric  boundary  layer  can  be  divided  into  three  sublayers 
(see  fig.  2),  the  middle  layer  (ML)  where  the  effects  of  shear  (and  of  the  Coriolis 
forces  in  the  case  of  the  atmospheric  boundary  layer)  dominate  ,  the  surface  layer 
(SL)  where  the  eddy  motions  are  dominated  by  the  effects  of  shear  and  blocking 
by  the  wall  and  which  is  characterised  by  a  logarithmic  velocity  profile,  and  the 
eddy  surface  layer  (ESL)  where  the  main  effects  are  blocking  of  the  eddies  and 
the  creation  of  internal  boundary  layers  within  the  eddies  (Hunt  &  Carlotti  [3]). 
If  we  denote  by  h  the  height  of  the  boundary  layer,  the  surface  layer  is  typically 
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of  height  h/10  and  the  eddy  surface  layer  of  height  /i/lOO.  Note  that  in  the  usual 
terminology  tlie  surface  layer  and  eddy  surface  layer  are  the  same,  because  the 
latter  needs  a  very  high  Reynolds  number  to  exist. 


2  Flow  calculations 

In  the  SL  and  the  ESL  the  dominant  distorting  mechanisms  arc  the  blocking  of 
the  eddies  by  the  wall  (B),  the  shearing  of  the  eddies  by  the  mean  flow  (S)  and 
the  non-linear  deformation  of  the  eddies  (NL).  We  can  sort  these  mechanism 
from  the  faster  to  the  slower  :  (B),  (S),  (NL).  Because  they  act  on  different  time 
scales,  these  processes  can  be  analysed  separately.  More  precisely,  the  slope  of 
the  spectra  is  due  to  (NL).  However,  the  distribution  of  energy  between  the  com¬ 
ponents  is  controlled  by  fast  processes,  and  primarily  by  (B).  The  approach  we 
take  here  is  therefore  to  analyse  the  effects  of  (B)  and  (S)  using  Rapid  Distortion 
Theory  (RDT)  (i.c.  the  linearisation  of  the  Navier-Stokes  equations  with  a  fully 
turbulent  state  as  initial  condition),  in  the  idealised  cases  of  a  uniform  mean  flow 
Uo  and  shear  flow  U  =  UoilPaz)  above  a  rigid  surface,  generalising  the  work  of 
Lee  &  Hunt  [6]  and  Mann  [7]  to  account  for  different  form  of  the  spectra.  The 
turbulence  is  assumed  to  be  homogeneous  far  away  from  the  rigid  boundary. 


Analysis  of  the  SL.  In  the  SL,  we  have  to  consider  both  (S)  and  (B).  The  form 
of  the  spectrum  well  above  the  ground  is  taken  as  E(k)  where  2p  =  5/3 

in  the  case  of  a  Kolmogorov  spectrum.  We  concentrate  on  the  calculation  of  the 
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The  main  result  of  this  analysis  is  shown  on  fig.  3.  For  2p  >  2.  the  length  scales 
behave  quite  differently,  in  particular  winch  goes  to  a  singular  limit  when 

z  -)•  0.  This  can  be  explained  as  follows  :  the  faster  the  spectrum  roll-off'  is,  the 
smoother  is  the  velocity  held,  and  therefore  the  stronger  the  remote  correlations 
arc.  The  effect  of  (S)  in  addition  to  (B)  is  only  a  small  change  in  the  numerical 
constants  as  far  as  only  is  concerned.  On  the  other  hand,  in  the  case  of  U\ 
and  Uo,  the  governing  process  is  (S),  as  shown  by  Mann  [7]. 

The  case  2p  >  2  can  originate  not  only  from  a  low  Reynolds  number,  but  also 
from  a  subgrid  model  in  Large  Edd}^  Simulation  (LES).  Obviously,  the  singular 
limit  is  a.  matching  condition  for  the  ESL  below.  Since  the  ESL  is  nearly  always 
parametrised  in  LES,  a  LES  having  a  too  fast  roll-off  of  the  spectrum  above  the 
ground  needs  a  parametrisation  of  the  ESL  taking  into  account  this  singularity. 

Analysis  of  the  ESL.  The  problem  in  the  ESL  is  more  complex,  since  the 
non-linear  effects  change  the  behaviour  of  the  spectrum  (see  fig.  1)  through 
the  creation  of  substructures  within  the  eddies  (see  fig.  2  and  Hunt  &  Carlotti 
[3]  and  references  in  it).  However,  as  explained  earlier,  (B)  is  a  fast  elliptical 
process,  which  controls  the  distribution  of  energy  between  the  components.  A 
dimensional  analysis  show  that 

Eii(lo,z)  =  with  2:'  =  hz, 

ZTT  47r 


(2) 
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and  RDT  is  used  to  get  the  expression  of  Eij{z').  This  calculation  can  be  made 
analytically  in  the  cases  (B)  and  (S+B).  However,  only  the  former  leads  to  a 
tractable  expression.  As  a  result  of  the  slow  (NL)  processes,  the  exponent  2p 
of  the  energy  spectrum  is  1  if  A:i  -C  I/2:  and  5/3  if  ki  we  derive  the 

result  plotted  on  fig.  4.  Note  that  Eii{ki)  behaves  as  the  energy  spectrum  E(k) 
but  E33  Pi  ulz  for  ki  <  \  jz,  u*  being  the  friction  velocity.  However,  the  case 
(B)  has  some  strong  limitation,  the  main  one  being  that  £13  (and  therefore  the 
Reynolds  stress  -U1U3)  remains  equals  to  zero.  We  can  introduce  (S)  in  the  case 
l/L^^  <  ki  <  1/z  using  directly  the  simplified  Fourier-tranformed  Navier-Stokes 
equations,  to  get  E13  =  -/SE^s,  where  p  is  the  non-dimensional  shear.  Hence 
the  case  (S+B)  can  be  understood  as  a  perturbation  of  the  case  (B)  ;  this  leads 
to  Eis  Pi  u'lz  as  observed. 

Obviously  these  results  can  only  be  valid  in  the  range  ki  >  1/L^,  being 
the  size  of  the  large  eddies  well  above  the  boundary.  Therefore,  the  magnitude  of 
A  can  not  be  predicted  by  RDT.  The  actual  value  of  the  slope  of  the  spectrum, 
2p,  can  not  be  predicted  by  RDT  either.  However,  physical  and  statistical 
arguments  can  be  given  (cf.  Hunt  &  Carlotti  [3])  for  these  two  facts. 

3  Conclusion 

The  way  that  spectra  change  in  the  SL  depends  quite  critically  on  the  form 
of  the  spectrum  well  above  the  ground,  so  that  the  changes  for  a  Kolmogorov 
(-5/3)  spectrum  differ  significantly  from  those  at  low  Reynolds  number  (ps  k~^^ 
where  2p  >  2)  (fig.  3).  Between  the  SL  and  the  ESL,  Eu  and  E22  change 
dramatically  while  E33,  E13  and  therefore  the  Reynolds  stresses  do  not,  because 
E33  is  determined  by  and  z  onl}^  This  is  the  reason  why  the  mean  velocity 
profile  remains  logarithmic  in  the  ESL  even  if  the  structure  of  the  horizontal 
component  of  turbulence  changes  dramatically. 
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Figure  1:  measured  spectrum  in  atmosphere  and  pipe  ;  □  :  spectra  above  the 
surface  layer  ;  solid  and  dashed  lines  :  En,  E22  and  £^33  in  the  surface  layer  ; 
o  :  Ei3  in  the  surface  layer 


Figure  2:  sketch  of  a  typical  high  Reynolds  number  boundary  layer  ;  h  ^  l  —  2km^ 
is  «  100  -  200m,  4  ~  10  -  20?n,  the  roughness  length  is  less  than  0.1m  over  a 
field,  less  than  Sni  over  a  typical  city 


Figure  3:  ;  (a)  :  2p  =  5/3  <  2  ;  (b)  2p  >  2. 


Figure  4:  spectra  calculated  with  RDT,  assuming  the  existence  of  k  ^  and  k 
ranges  for  the  energy  spectrum 
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Traditional  theory  of  the  atmospheric  stably  stratified  boundary  layers  (SBLs) 
includes  the  following  known  formulations. 

(i)  The  Monin  and  Obukhov  (MO)  similarity  theory  of  the  surface  layer 

based  on  the  length  scale  L  =  where  w*  is  the  friction  velocity,  /?  is 

the  buoyancy  parameter,  and  Fqs  is  the  flux  of  virtual  potential  temperature. 

(ii)  The  equilibrium  SBL  depth  scale  formulation,  h  oc  where 

/  is  the  Coriolis  parameter  (Zilitinkevich,  1972). 

(iii)  The  SBL  bulk  resistance  and  heat/mass  transfer  laws  based  on  the  A, 
B,  C  and  D  similarity  functions  of  the  dimensionless  stratification  parameter 

(Zilitinkevich,  1967;  1975). 

(iv)  Conventional  turbulence  closure  models  applied  to  SBLs,  such  as  ’’/c- 
closure”  employing  the  budget  equation  for  the  turbulence  kinetic  energy  k,  or 
” /c/e-closure”  employing  also  the  budget  equation  for  the  energy  dissipation  rate 
e,  together  with  turbulent  diffusivities  [e.g.,  the  Nieuwstadt  (1971)  analytical 
/c-model  neglecting  the  third-order  transport,  the  Brost  and  Wyngaard  (1973) 
/c-model,  and  the  Lykossov  (1998)  /c/e-model]. 

Explicitly  or  implicitly,  all  these  formulations  employ  the  concept  of  local 
correspondence  between  turbulence  fluxes  and  mean  gradients. 

Turbulence  Flux  —  -{Eddy  Dif  fusivity)  x  {Mean  Gradient).  (1) 

Here,  all  terms  are  taken  at  a  given  height,  2,  and  moreover,  it  is  supposed 
that  the  eddy  diffusivity  is  fully  determined  by  properties  of  the  flow  in  the 
vicinity  of  this  height.  This  concept  is  nothing  other  but  formal  analogy  with 
the  molecular  diffusion,  where  Eq.  (1)  is  well  grounded  by  the  fact  that  the 
molecule  free  pass  is  much  less  than  the  basic  length  scale  of  the  flow.  Traditional 
reasoning  for  applicability  of  Eq.  (1)  to  stably  stratified  turbulent  flows  is  as 
follows.  Stable  stratification  prevents  development  of  large  eddies,  which  is  why 
turbulence  transport  is  performed  basically  by  small  eddies.  Their  length  scales 
are  small  compared  to  the  mean-flow  length  scales  and  the  above  analogy  is 
justified. 
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A  number  of  theoretical  models  employing  the  local  transport  concept,  in¬ 
cluding  the  formulations  (i)-(iv),  agree  quire  well  with  data  from  measurements 
in  nocturnal  SBLs  typical  of  mid  latitudes.  The  MO  theory  (i)  has  been  very 
well  supported  by  data  in  the  conditions  when  the  density  stratification  devi¬ 
ates  not  too  strongly  from  neutral  stratification  (e.g.,  Chapter  4  in  Monin  and 
Yaglom,  1971).  Some  data  support  the  SBL  depth  formulation  (ii)  and  SBL 
models  employing  the  turbulence  closure  schemes  (iv).  More  or  less  successful 
efforts  were  made  to  specify  empirically  the  similarity  functions  in  the  resistance 
and  heat/mass  transfer  laws  (iii). 

At  the  same  time  there  are  data,  which  evidently  contradict  to  the  above 
formulations.  Pronounced  turbulent  fluxes  are  quite  often  observed  in  the  con¬ 
ditions  when  the  Richardson  number  is  so  large  that  the  conventional  MO  theory 
predicts  no  turbulence  (e.g.,  Larsen  et  ah,  1990;  Sempreviva  et  ah,  1992).  Re¬ 
cent  tracer  studies  with  radon  222  using  the  global  climate  model  ECHAM4 
ha,ve  disclosed  insufficient  vertical  diffusion  in  strongly  stable  stratification  at 
high  latitudes  (R.oeckner  and  Jacob,  1998).  What  this  means  is  that  the  MO- 
theory-based  parameterization  employed  in  ECHAM4  underestimates  the  tur¬ 
bulence  transport.  The  SBL  depth  formulation  (ii)  is  not  applicable  to  shallow 
SBLs  typical  of  the  Arctic  and  Antarctic  regions.  Here,  h  strongly  depends  on 
the  Brunt-Vaisala  frequency  in  the  free  flow,  N  (e.g.,  Zilitinkevich  and  Mironov, 
1996).  Empirical  plots  of  the  A,  B,  C  and  D  functions  exhibit  enormously  wide 
spread  of  data  indicating  that  other  arguments,  besides  /r,  should  be  taken  into 
ac.count  (e.g.,  Zilitinkevich,  1989a, b). 

Recent  empirical  evidence  and  theoretical  reasoning  (Zilitinkevich  et  ah, 
1998;  Zilitinkevich  and  Calanca,  2000)  suggest  that  the  nature  of  the  SBL  is 
essentially  distinguished  by  the  conditions  in  which  the  stable  stratification  is 
developed.  The  conventional  nocturnal  SBLs  at  mid  latitudes  usually  develop  on 
the  background  of  a  deep  residual  la^^er,  which  keeps  near-neutral  stratification 
as  a  memory  of  convective  mixing  in  the  daytime.  In  such  SBLs  both  shear¬ 
generated  turbulence  and  static  stability  sharply  decrease  towards  the  SBL  top. 
Typical  SBLs  represent  comparatively  shallow  stable  layers  separated  from  the 
stably  stratified  free  atmosphere  by  a-few-hundred-meter  deep  neutrally  strat¬ 
ified  residual  layer.  Then  the  SBL  turbulence  is  not  affected  by  internal-wave 
interactions  with  the  free  atmosphere.  This  explains  why  the  concept  of  local 
transport,  Eq.  (1),  and  consequently,  the  formulations  (i)-(iv)  represent  reason¬ 
able  approximations  when  applied  to  mid-latitudinal  SBLs. 

By  contrast,  at  high  latitudes  and  in  coastal  regions,  the  static  stability  is 
often  kept  strongly  stable  throughout  the  troposphere  both  by  day  and  at  night. 
Here,  the  SBL  and  the  free  atmosphere  are  essentially  linked,  first  of  all,  through 
the  vertical  transport  of  kinetic  energy  and  potential  temperature  variance  by 
internal  waves.  Then  the  local  transport  concept  is  by  no  means  applicable. 
In  particular,  the  Brunt-Vaisala  frequency  in  the  free  atmosphere,  N,  becomes 
an  important  parameter  governing  the  structure  of  the  SBL.  It  affects  mean 
profiles  and  turbulence  statistics  in  the  surface  layer,  the  SBL  depth  and  the 
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near-surface  resistance  and  heat/mass  transfer.  First  attempts  to  revise  the 
traditional  similarity-theory  formulations  (i)-(iii)  accounting  for  possible  effects 
of  the  free-fiow  stability  on  ’’high  latitudinal”  SBLs  are  made  by  Zilitinkevich  et 
al.  (1998)  and  Zilitinkevich  and  Calanca  (2000). 

The  present  paper  presents  further  advance  along  this  line.  It  is  understood 
that  traditional  type  turbulence  closure  schemes  (iv)  employing  Eq.  (1)  are 
inconsistent  with  new  empirical  evidence.  To  overcome  this  drawback,  the  effect 
of  internal  waves  is  incorporated  in  a  more  advanced  turbulence  closure  scheme. 
Some  consequences  of  the  new  approach  are  given  below. 

The  most  obvious  is  the  revised  formulation  for  the  wind  and  temperature 
gradients,  dujdz  and  dQ/dz,  in  the  surface  layer. 


I .  £  [l  +  [,  +  C„(.  +  ] 


^0  0* 


(2) 


where  S  —  NL/u^  is  a  dimensionless  parameter  characterising  the  extent  to 
which  the  surface  laj^er  is  affected  by  the  free-fiow  stability,  0*  =  -Foju^, 
Cal  —2.1  and  Coi  =  3.2  are  known  empirical  constants,  which  appear  in  the 
classical  formulation,  whereas  Cu2  and  C02  are  new  constants  (~  0.4).  At  5  =  0, 
these  expressions  reduce  to  the  classical  ones.  However,  when  the  free  flow 
stability  is  strong  (5  >  1),  the  classical  theory  fails.  Then  the  so-called  ’’slope 
factors”  Su  ~  {kLlu^)du/dz  —  L/z  and  so  =  {kTL/Q^)dQ/dz  —  L/z  exhibit 
essential  dependence  on  5  in  correspondence  with  the  new  theory  (Figure  1). 

Other  advance  is  a  revised  formulation  for  the  equilibrium  SBL  depth,  ac¬ 
counting  for  the  effect  of  the  free-fiow  stability.  For  the  Ekman  layer  it  reads 

-1/2 

(3) 


llE  = 


CrU^ 

ITT 


1  + 


Clu.(l  +  C-„25) 

Cl\f\L 


where,  Cr  ~  0.5  and  Cs  ~  0.7  are  known  empirical  constants,  and  (7^2  ~  0-4 
is  a  new  constant,  which  already  appeared  in  Eq.  (2).  Eq.  (3)  covers  the 
whole  range  of  the  static  stability  regimes  from  neutral  to  strongly  stable  and 
better  fits  to  experimental  data  than  earlier  formulations.  In  particular  cases 
it  reduces  to  the  depth  scales  proposed  by  Rossby-Montgomery  (1935)  for  the 
neutrally  stratified  boundary  layer,  Zilitinkevich  (1972)  for  the  SBL  capped  by 
the  residual  layer  (5  <  1),  and  Pollard  et  al.  (1973)  for  the  upper  mixed  layer 
in  the  ocean  dominantly  affected  by  static  stability  in  the  thermocline  (5  ^  1). 

For  the  slope  wind  driven  by  the  buoyancy  force  in  stable  stratification,  the 
proposed  theory  suggests  a  new  expression  for  the  boundary  layer  depth, 


hsw  —  Ci^ 


{u.Ly 


{lLCu2)il-bC02S^)(aNy^ 


(4) 


where  a  is  the  slope  inclination  angle,  and  Ci  is  a  dimensionless  constant  to 
be  determined  empirically.  P.  Calanca  (private  communication)  applied  this 
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formula  to  the  height,  z{Umax),  of  the  wind  maximum  in  the  low-level  jet  char¬ 
acteristic  of  the  slope  wind.  He  disclosed  a  reasonably  good  correlation  between 
measured  z{Umnx)  and  calculated  hsw  with  Ci  =  27  (Figure  2). 


Figure  1:  Empirical  data  on  slope  factors,  Sy,  and  sg  (Zilitinkevich  and  Calanca, 
2000).  In  the  classical  theory,  Sy  and  sg  are  constants. 


Figure  2:  Empirical  validation  of  Eq.(4)  as  applied  to  the  height  of  the  low-level 
jet  in  the  slope-wind  flow  over  Greenland  (Calanca,  private  communication). 
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Introduction  Improving  the  knowledge  of  the  statistical  properties  of  the 
atmospheric  boundary  layer  has  an  interest  for  the  basic  understanding  of  high 
Reynolds  number  flow  turbulence  and  quite  relevant  practical  applications,  from 
numerical  modelling  of  atmospheric  processes  to  environmental  issues,  to  en- 
ginnering  applications.  In  this  work  we  examine  some  statistical  properties  of 
time-series  of  vertical  velocity  in  the  Convective  Boundary  Layer  (CBL).  In  par¬ 
ticular  the  total  integral  time  scale  of  velocity  correlation  has  been  calculated, 
the  probability  density  function  (pdf)  has  been  analysed  and  a  relationship  be¬ 
tween  Kurtosis  and  Skewness  is  then  proposed. 

Data  analysis  Sodar  data  were  collected  at  various  sites  around  and  in  the 
center  of  Rome  (Italy),  during  breeze  summer  days  and  winter  nights.  Coherent 
structures  (fig.  1)  have  been  identified  in  two  different  situations:  l)in  the  case 
of  well  developed  CBL  (upward  plumes)  and  2)  in  case  of  negative  buoyancy 
(descending  plumes).  The  sodar  systems  are  triaxial  and  provide  the  profiles  of 
radial  wind  velocity  and  echo  intensity,  one  for  each  antenna.  A  signal  to  noise 
(S/N)  related  parameter  (see  [9])  and  a  spurious  data  evaluation  method  are  used 
to  reject  unreliable  data.  They  have  been  replaced  by  a  linear  interpolation  in 
the  Fourier  analysis  and  in  the  autocorrelation  coefficient  calculation. 

As  far  as  situation  1  is  concerned,  the  stationarity  of  CBL  is  recognized 
from  the  analysis  of  horizontal  wind  (constant  in  modulus  and  direction  below 
a  certain  height— typically  400m— and  in  a  certain  time  interval),  and  from 
the  analysis  of  steadyness  of  mean,  variance,  skewness  and  kurtosis  of  vertical 
velocity  at  various  heights.  Tipically  these  conditions  identify  steady  periods 
between  10:00  and  16:30  LT. 

The  data  relative  to  these  periods  have  been  used  to  calculate  the  vertical 
profile  of  mean  (~  0  at  all  heights),  variance  (which  shows  a  maximum  approxi¬ 
mately  at  the  center  of  the  Mixed  Layer),  Skewness  and  Kurtosis  (which  increase 
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Figure  1:  Fac-simile  and  Vertical  velocity  data  showing:  a) updrafts; 

b)downdrafts  (Vertical  scale:  hundreds  of  meters). 


a 


Figure  2:  a)Variance  and  b)Skewness  vertical  profiles  scaled  by  and  Zi  (Data 
shown  are  the  same  as  in  Fig.  3). 


with  height  till  80%  of  the  CBL  width,  with  most  values  between  0.4  and  1.2  in 
skewness,  and  between  3  and  7  in  kurtosis).  The  CBL  height  >2:^  and  the  vertical 
velocity  scale  has  been  estimated  fitting  data  with  Stull  ([10])  variance  profile 
with  the  method  described  in  [13].  Zi  results  to  be  ^  500m  and  ^  1.5m/ s. 
The  resulting  vertical  profiles  of  variance  and  skewness  are  reported  in  fig.  2, 
together  with  previously  proposed  curves  ([3], [5], [6], [10], [11]). 

A  Skewness-Kurtosis  (S-K)  relationship  can  be  proposed  by  fitting  the  data 
as  in  fig.  3.  It  has  been  derived  according  to  the  idea  of  a  family  of  parabolic 
curves  of  the  type  K  =  aS^  Fa:  the  a  =  1  curve  represents  a  statistical 
limiting  value  in  the  S-K  plane,  while  the  a  =  2.43  curve  is  our  data  best¬ 
fitting  quadratic  reltionship.  It  can  be  compared  with  other  measurements  of 
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vertical  and  horizontal  velocity  in  case  of  shear  turbulence:  the  formers  dispose 
themeselves  in  a  compact  zone,  different  from  those  in  CBL,  the  latters  on  a 
nearly  parabolic  curve  (see  also  [2]). 

An  estimate  of  the  value  of  the  typical  Eulerian  time  scale  tb  has  been 
deduced  both  from  the  direct  evaluation  of  the  integral  of  the  correlation  and 
from  the  limit  for  w  ->  0  of  the  energy  spectral  density.  They  both  give  tb  ~  40s 
(within  a  5%)  at  all  heigths.  The  corresponding  Lagrangian  time  scale  tl  may 
be  derived  (according  to  [1],[4])  from  =  C^tb  where  C  —  0.44  and  the  mean 
wind  U  ^  Am/s  (approximately  constant  with  height).  This  evaluation  of  tl  is 
also  consistent  with  that  derived  from  tb  =  0.17zi/aw  (see  [4]). 

As  far  as  situation  2  is  concerned,  repeated  downdraughts  have  been  iden¬ 
tified  and  a  similar  statistical  analysis  has  been  performed.  It  must  be  noted 
that  such  downdraughts  are  observed  during  night  when  a  marine  well  mixed 
layer  moves  inland  and  produces  a  positive  jump  of  potential  temperature  and 
a  negative  jump  in  the  mixing  ratio  at  its  top  (fig.  4). 


Discussion  The  results  obtained  for  the  CBL  allows  to  make  a  docu¬ 
mented  hypotesis  about  a  possible  closure  for  the  pdf  of  vertical  velocity,  ac¬ 
counting  for  skewness  and  kurtosis.  In  terms  of  mmi  pdf  we  suggest  the  choice: 
f(w,z)  =  exp(-Xll=o'^Jt('2^)^^)  where  Xk{z)  are  calculated  from  the  selected 
moment  profiles.  The  actual  shapes  differ  from  other  ones  proposed  by  previous 
authors  for  use  in  Lagrangian  dispersion  models  (e.g.[7],[12]). 

The  downdraft  case  has  been  investigated  on  phenomenological  bases.  Some 
statistics  are  presented,  without  pretending  a  systematic  approach.  It  is  however 
important  to  observe  that  the  presence  of  such  structures  may  alter  in  a  relevant 
way  the  dispersive  behaviour  of  the  nocturnal  boundary  layer. 


3  ^ 


Figure  3:  Relationship  between  Skewness  and  Kurtosis  as  a  function  of  z/zj,. 
The  lower  curve  represents  a  Skewness-Kurtosis  statistical  limit. 

Figure  4:  Mixing  ratio  and  Potential  Temperature  during  downdrafts. 
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1  Introduction 

A  wall  jet  is  a  flow  that  has  features 
of  both  a  boundary  layer  and  a  jet.  It 
is  often  used  in  mixing  devices.  The 
present  experimental  investigation  de¬ 
scribes  two  methods  that  enhance  the 
mixing  of  the  wall  jet  with  the  ambi¬ 
ent  fluid.  The  first  method  uses  an 
oscillating  wire  near  the  wall-jet  exit 
to  stimulate  the  formation  of  large 
scale  coherent  structures,  the  second 
one  the  interaction  of  a  wall  jet  blown 
into  a  counter  flow,  as  shown  in  figure  1. 

The  investigation  was  carried  out  in  a  low- speed  wind  tunnel  with  a  cross- 
section  of  0.5  X  0.5m^.  Measurements  of  the  mean  and  fluctuating  velocity  have 
been  made  using  Laser-Doppler-anemometry  (LDA)  and  hot-wire  anemometry. 
The  surface  skin-friction  was  determined  using  calibrated  wall  pulsed-wire  probes 
in  regions  with  flow  reversal  and  wall  hot-wires  elsewhere.  Flow  visualisation  was 
performed  to  give  an  overall  impression  of  the  wall-streamlines.  The  Reynolds 
number,  based  on  wall  jet  slot  width  h  and  exit  velocity  Uj^  was  Re-j  =  10000. 


Figure  1:  Flow  configuration 


2  Mixing  enhancement  by  an  oscillating  wire 

Vandsburger  &  Ding  (1995)  noted  that  an  oscillating  ’’music”  wire  stimulated  the 
energy  transfer  in  a  free  shear  layer.  The  wire  performed  flow-induced  vibrations, 
i.e.  no  external  additional  input  was  required.  In  the  present  investigation,  a 
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wire  was  placed  into  the  shear  layer  originating  at  the  wall-jet  nozzle.  The  flow 
visnalisation  study  by  Schober,  Grewe  &  Fernholz  (1999)  showed  that  the  wire 
generates  large-scale  vortical  structures  in  the  wall-jet. 

Figure  2  shows  the  development  of 


20 


!• — •unforced  (dy^/2^dx=0.071) 

[♦---♦  oscillating  wire  {dy„ydx=0.244|} 


15  k-- -A  with  counter  flow 


E 

>. 


10 


0 


,A-- 


20  30  40 


50 

x/b 


60  70  80 


Figure  2:  Development  of  the  half  width 


the  wall-jet  half-width  versus 

the  streamwise  distance.  The  half¬ 
width  Dm/-!  denotes  the  distance  from 
the  wall  at  which  it{y,n/-2)hhn  =  0.5, 
where  u,n  is  the  local  velocity  max¬ 
imum.  The  oscillating  wire  signifi¬ 
cantly  increases  the  spreading  and  thus 
enhances  the  mixing  compared  with 
the  unforced  case.  The  skin  friction 
(not  shown)  in  the  wall  jet  was  sig¬ 
nificantly  reduced.  The  two  dimen¬ 
sionality  of  the  flow  is,  however,  lost 
due  to  the  three-dimensional  nature 
of  the  oscillation. 


3  Mixing  enhancement  by  a  counter  flow 

The  wall  jet  in  a  counter  flow  is  a  flow  phcnomcnom  which  has  drawn  little 
attention  from  fluid  dynamicists.  This  seems  to  be  surprising,  since  the  strong 
mixing  of  the  wall  jet  with  the  counter  flow  makes  it  interesting  for  applications 
in  combustion  chambers  of  aero  engines,  for  example.  The  flow  field  contains 
regions  where  the  velocity  and  the  skin  friction  change  sign,  similar  to  separated 
flows.  It  is  therefore  a  special  case  for  the  study  of  separated  flow  fields  with 
variable  height  and  length,  since  the  ratio  of  the  velocity  of  the  wall  jet  and 
the  counter  flow  Uj/uQ,  and  thus  the  size  of  the  interaction  region  can  easily  be 
varied. 

A  first  overview  of  the  flow  field  in  the  parameter  range  3  <  Uj/iLo  <  8  is 
given  by  visualisations  of  the  wall  streamlines  (figure  3).  The  Reynolds  number 
of  the  wall  jet  was  kept  constant  at  Rej  =  10000.  The  aspect  ratio  of  the  flow, 
i.e.  the  ratio  of  tunnel  width  to  the  wall  jet  slot  width,  was  b/Bf,,  =  125.  The 
separation  line  is  almost  straight  in  the  central  part  of  the  tunnel  for  uj/uq  ~  3, 
becomes  convex/concave  for  4  and  remains  concave  for  higher  ratios  of  uj/uo  as 
seen  from  the  direction  of  the  windtunnel  main  flow.  The  three-dimensionality 
of  the  flow  was  increased  by  the  standing  vortices  near  the  tunnel  side  walls 
once  the  wall  jet  had  become  stronger  relative  to  the  boundary  layer,  forming 
an  increasing  obstacle.  This  is  similar  to  the  flow  downstream  of  a  normal 
plate  with  a  long  splitter  plate  (Rudcrich  &  Fernholz  1986).  This  strong  three- 
dimensionality  was  not  anticipated,  since  the  wall  jet  and  the  counter  flow  both 
were  two-dimensional  individually. 

Figure  4  shows  the  velocity  vectors  and  the  stream  function  for  the  case  of 


y/b;  V/Uj 


Figure  3:  Visualisation  of  wall  streamlines  at  different  velocity  ratios  UjfuQ 
3,  4,  6,  8 


Figure  4:  Velocity  and  stream  function  (uj/uo  =  4) 


Uj /uo  =  4.  The  wall  jet  exhibits  a  strong  upward  u-component  of  the  velocity 
as  it  approaches  the  separation  line.  The  counter  flow  causes  a  free  stagnation 
point,  deflects  the  wall  jet  away  from  the  wall  and  then  into  the  direction  of  the 
counter  flow.  The  velocity  within  the  potential  core  of  the  counter  flow,  that  is 
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for  y/b  >  30,  is  larger  near  the  wall  jet  exit  than  far  away  from  it.  This  is  due 
to  the  displacement  of  the  counter  flow  by  the  the  wall  jet. 

Figure  5  shows  the  skin  friction  coef- 

0,002  ^ ^ _ _ _ _ 100  ficient  c/,  the  fluctuating  friction  co- 

\  *  efficient  and  the 

0.001  75  reverse  flow  factor  v  which  is  defined 

0--OC,  \  0' 

*‘'  0.  as  the  number  of  samples  in  the  direc- 

°°°°  . .  tion  of  the  free  stream  divided  by  the 

/  total  number  of  samples.  The  posi- 

/'  tion  at  which  x  =  50%  and  c/  =  0  do 

_ _  normally  coincide  in  separated  flows 

(Dengel  &  Fernholz  1990).  Here,  how¬ 
ever,  X  =  50%  at  x/b  =  69  and  Cf  = 
Figure  5:  Skin-friction  coefficients  c/,  0  at  x/b  =  74.  This  means,  that 

and  reverse  flow  factor  x  foJ'  Uj/uo  =  4  at  separation  (c/  =  0)  there  are  few 
(wall  pulsed  wire  probe)  but  strong  events  from  the  wall  jet 

and  more  but  weak  events  from  the 
counter  flowing  boundary  layer.  This 
relative  strength  of  the  wall  jet  also  explains  why  the  fluctuating  friction  coeffi¬ 
cient  reaches  its  maximum  of  0.0012  at  x/b  50,  upstream  of  separation. 

The  development  of  the  half- width  y-rai^ilb  in  figure  2  is  not  as  large  as  for 
the  case  with  the  oscillating  wire,  but  still  larger  as  for  the  unforced  case.  Fur¬ 
thermore,  mixing  takes  places  upstream  of  the  injection  of  the  wall  jet,  if  viewed 
from  the  boundary  layer  point  of  view.  It  thus  leads  to  shorter  mixing  regions. 
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1  Abstract 

The  present  work  is  an  experimental  study  of  the  evolution  of  swirl  introduced 
at  an  initial  station  into  the  turbulent  flow  in  a  pipe.  The  swirl  is  generated  by  a 
specially  designed  device  based  on  the  principle  of  a  rotating  tube  bundle  so  that 
the  experimentally  realized  flow  exhibits  the  characteristic  of  solid-body  rotation 
over  essentially  the  entire  pipe  cross  section  at  the  initial  station.  The  evolution 
of  all  the  components  of  the  mean  velocity  vector  and  Reynolds  stress  tensor 
in  this  flow  is  measured  by  3-D  LDV  employing  the  refractive  index  matching- 
technique  at  rotation  numbers  of  up  to  one.  The  measured  data  have  been 
analyzed  to  yield  insight  into  some  outstanding  features  of  turbulence  behaviour 
in  the  flow  that  are  important  for  turbulence  modelling. 

2  Introduction  and  scope  of  the  work 

Swirl  in  a  flow,  a  term  which  we  use  here  to  denote  a  flow  with  streamlines  wound 
in  the  shape  of  a  helix,  is  a  common  phenomenon  occuring  both  in  nature  and  in 
engineering.  The  helical  winding  of  the  streamlines  in  a  flow  with  swirl  implies 
the  streamline  curvature  not  lying  entirely  in  one  plane,  and  this  is  a  salient 
topological  feature  of  these  flows.  A  consequence  of  this  topological  feature 
of  importance  to  the  modelling  of  turbulence  in  the  flow  is  that  the  principal 
axes  of  the  rate  of  strain  tensor  and  of  the  Reynolds  stress  tensor  need  not 
align  with  each  other  in  the  entire  flow  region.  High  swirl  rates  also  tend  to 
suppress  turbulence  in  the  core.  To  be  able  to  answer  some  of  the  fundamental 
questions  raised  in  these  flows  it  is  desirable  to  generate  flows  with  a  well  defined 
swirl  distribution  in  experiments,  measure  all  the  components  of  the  Reynolds 
stresses  therein,  analyze  the  measured  data  in  a  sound  theoretical  framework, 
and  establish  the  properties  of  turbulence  in  this  flow.  This  is  the  goal  of  the 
present  work. 
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3  Experiments 

The  experimental  facility  and  the  experiments  are  described  in  Vasanta  Ram 
et  al  [1]. 

3-D  LDV  measurements  have  been  conducted  in  a  specially  designed  facil¬ 
ity  in  which  a  ’’rotating  tube  bundle”  generates  at  an  initial  station  a  swirling 
flow  with  solid-hody  rotation  to  a  high  degree  of  accuracy  over  a  wide  range  of 
rotation  numbers.  This  flow  evolves  downstream  under  the  influence  of  turbu¬ 
lence  that  establishes  itself  in  the  flow.  In  order  to  circumvent  the  difficulties 
associated  with  carrying  out  3-D  LDV  measurement  of  flows  in  geometries  with 
curved  walls,  the  facility  operates  on  the  principle  of  refractive-index  matching 
of  the  fluid  and  the  surroundings. 


4  Results  and  discussion 

Ill  this  paper  the  data  of  our  measurements  have  becen  analyzed  from  the  fol- 
lowing  points  of  view: 

1)  the  relation  between  the  evolution  of  swirl  and  the  Reynolds  stresses  and 

2)  the  terms  of  production  of  the  Reynolds  stresses. 

A  part  of  the  theoretical  framework  for  data  analyses  is  the  Reynolds-averaged 
equation  for  the  moment  of  the  azimuthal  velocit}^,  C  =  rvo,  which  is 


In  the  absence  of  Reynolds  stresses  the  well  known  result  that  C  is  constant 
along  a  stream  surface  'ij)  =  const,  is  recoverable  from  the  equation  (1).  The 
presence  of  Reynolds  stresses  leads  to  C  n^  being  preserved  along  a  stream 
surface  and  this  is  evidemt  in  the  plots  of  C  vs.  %h  (figure  1).  The  plots  at 

the  different  rotation  numbers  Ro  figure  1  show  that  at  the  higher 

rotation  numbers  the  Reynolds  stresses  do  not  act  to  change  C  along  'ip  in  the 
core.  This  conclusion  is  substantiated  by  examination  of  the  production  terms 
in  the  equation  for  the  Reynolds  stress  components  v',.  Vg  and  Vg  in  which 
the  dominant  terms  arc  and  The  plots  in  figure  2  show  the 

distribution  of  these  terms  along  the  radius. 
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1  Introduction 

The  characteristic  secondary  flow  pattern,  the  so  called  Dean  vortices,  that  de¬ 
velops  in  laminar  flow  through  pipe  bends  is  well  known  and  equally  well  under¬ 
stood.  The  turbulent  flow  through  pipe  bends,  however,  is  more  complicated, 
which  is  the  reason  why  only  a  few  numerical  simulations  have  been  carried  out 
to  investigate  this  flow,  e.g.  [1].  An  interesting  flow  phenomenon  in  a  90°-bend 
is  the  so  called  swirl  switching,  observed  by  Tunstall  &  Harvey  [5],  which, 
to  the  authors’  knowledge,  has  not  yet  been  studied  using  numerical  methods. 
Tunstall  &  Harvey  report  a  tangential  flow  in  alternating  directions  with 
a  low  frequency  at  the  inner  side  of  the  curved  pipe.  This  paper  investigates 
numerically  such  oscillatory  phenomena  in  pipe  bends. 


2  Numerical  Methods 

A  Large-Eddy  Simulation  (LES)  enables  a  detailed  insight  into  the  unsteady 
mechanisms  of  bend  flows.  A  full  description  of  the  LES-method  used  here  to 
compute  compressible  flows  can  be  found  in  [2].  For  completeness  it  is  briefly 
outlined  in  the  following.  The  LES  equations  are  obtained  by  convolution  of 
the  Navier-Stokes  equations  for  an  ideal  gas  by  a  low-pass  Alter  of  width  A 
which  corresponds  in  this  study  to  a  local  average  in  each  grid  cell  (box  filter). 
The  resulting  subgrid-scale  (SGS)  stresses  have  been  modelled  with  SGS-models 
following  Smagorinsky  or  Germano.  However,  the  SGS  based  results  of  the 
computations  showed  hardly  any  influence  on  the  solution  in  comparison  to 
findings  without  any  SGS  model.  Therefore,  in  this  investigation  no  SGS  model 
was  incorporated.  A  modified  AUSM-scheme,  that  is  a  variation  of  the  work  by 
Liou  &  Steffen  [3],  is  used  to  discretize  the  convective  terms  on  a  collocated 
grid  to  second-order  accuracy.  Written  in  tensor  notation  the  vector  of  the 
convective  fluxes  is: 
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FV  = 


Ff  =  '-^{{paY^  +  ipaf)  +  ^{{poY  -  ipo^) 

^(nt  +  uS)  +  -  uS)  +  +  x(p'-<  -  ))<5„tf 


The  superscripts  L  and  R  denote  left  and  right  interpolated  variables  which  are 
obtained  via  a  quadratic  MUSCL  interpolation  of  the  primitive  flow  variables. 
The  quantity  =  ^  is  the  average  of  the  left  and  right  interpolated  Mach 
number.  The  speed  of  sound  a  represents  an  average  of  the  left  and  right  in¬ 
terpolated  values.  The  parameter  x  is  used  to  control  the  amount  of  numerical 
dissipation  of  the  scheme  and  should  be  that  small  that  a  stable  scheme  on 
the  body-fitted  grid  results  without  supressing  the  development  of  the  turbulent 
structures,  x  was  set  to  zero  for  Re  =  5000  and  10000,  and  a  value  of  ^  was 
used  for  Re  =  22000.  A  central  discretization  of  the  viscous  stresses  and  an 
explicit  time  stepping  scheme,  both  of  which  are  of  second-order  accuracy,  are 
applied. 

The  turbulent  inflow  condition  is  generated  by  extracting  solutions  from  a 
simultaneously  performed  LES  of  a  fully  developed  turbulent  pipe  flow.  The 
solutions  are  prescribed  at  the  inflow  boundary  at  each  time  step  such  that 
physically  meaningful  instantaneous  values  of  the  mass  flow  can  be  provided. 
Following  POINSOT  &  Lele  [4]  a  non-reflecting  boundary  condition  is  used  at 
the  outflow  plane.  The  computational  grids  are  sufficiently  fine  (yYin  =  2) 
resolve  the  near- wall  coherent  structures. 


3  Results 

Simulations  of  turbulent  bend  flows  are  conducted  for  diameter  based  Reynolds 
numbers  of  5000,  10000,  and  22000.  The  radii  of  the  90°-bends  are  r/D  =  1 
and  3  such  that  the  corresponding  Dean  number  ranges  from  1000  to  8800.  The 
comparison  of  the  turbulence  intensities  of  the  pipe  flow  with  reference  data 
(Fig.  1,  left)  shows  the  accuracy  of  the  turbulent  inflow  condition.  An  example 
of  the  solutions  is  given  in  Fig.  1  (right),  where  the  instantaneous  flow  field  is 
visualized.  It  is  dominated  by  a  large  separation  region  downstream  of  the  bend. 
A  small  backflow  region  due  to  a  strong  adverse  pressure  gradient  can  also  be  ob¬ 
served  at  the  outer  side  of  the  bend.  The  instantaneous  flow  pattern  in  the  cross 
section  is  strongly  asymmetric,  as  illustrated  in  Fig.  1,  whereas  a  time-averaged 
solution  shows  only  two  counter-rotating  Dean  vortices.  A  comparison  of  numer¬ 
ical  and  experimental  results  is  presented  in  Fig.  2  using  time-averaged  values 
and  turbulence  intensities  of  the  axial  velocit}^  The  profiles  are  determined  by 
the  strong  separation  resulting  in  low  axial  velocities  at  the  inner  side  and  an 
accelerated  flow  at  the  outer  side.  The  highest  turbulence  intensities  are  reached 
in  the  shear  layer  between  the  separated  and  the  outer  flow.  The  agreement  of 
the  numerical  results  and  the  data  from  PIV  measurements  is  good. 
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Figure  1;  Bend  flow  at  B,e  =  5000  and  rJD  =  1.  Turbulence  intensities  of  the 
straight  pipe  flow  used  as  inflow  condition  (left).  Computational  results  (□  axial, 
O  circumferential,  A  radial)  in  comparison  to  reference  data  (+  Exp.  by  Durst 
1995,  ___  DNS  by  Unger  1994,  —  DNS  by  Kim  et  al.  1987).  Instantaneous 
velocity  field  in  the  plane  of  symmetry  and  in  cross  section  A  (right). 


Figure  2:  Bend  flow  at  Re  =  5000  and  r/D  =  1.  Comparison  of  numerical  ( — ) 
and  experimental  (□,  PIV)  results  in  the  plane  of  symmetry  at  one  diameter 
downstream  of  the  curved  part.  Time- averaged  axial  velocity  (left)  and  axial 
turbulence  intensities  (right).  The  inner  (outer)  side  is  at  '/-/D  —  -0.5  (0.5). 


Figure  3:  Bend  flow  at  Re  =  22000  and  r/D  =  1.  Power  spectrum  of  the 
integrated  force  onto  the  wall  in  the  outflow  direction  with  a  distinct  peak  at 
Sr  =  0.2  (left).  Instantaneous  pressure  distribution  on  the  bend  wall  at  different 
time  levels  1-2  —  ti  —  1.35  dimensionless  time  units  (right). 

To  study  the  oscillatory  phenomena  a  spectral  analysis  of  the  force  integral 
on  the  surface  of  the  bends  is  performed.  The  obtained  spectra  are  bimodal,  i.e. 
they  are  characterized  by  a  distinct  peak  at  a  Strouhal  number  Sr  —  0.2  on  the 
one  hand  (Fig.  3),  and  higher  amplitudes  in  the  low  frequency  range  at  about 
Sr  =  0.01  on  the  other  hand  (Fig.  4).  The  high  frequency  peak  is  linked  to  a 
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stagnation  point 


Figure  4:  Bend  flow  at  Re  =  22000  and  r/D  =  1.  Power  spectrum  of  the  integra¬ 
ted  force  onto  the  wall  perpendicular  to  the  plane  of  symmetry  with  distinct 
peaks  in  the  low  frequency  range  at  Sr  =  0.0055  and  0.014  (left).  Different 
flow  patterns  at  the  end  of  the  curved  section  with  vector  fields  averaged  over  a 
dimensionless  time  of  At  =  30  (right). 

periodic  roll-up  of  the  shear  layer  between  the  separation  and  the  outer  region. 
Areas  of  alternately  high  and  low  pressure  move  along  the  bend  and  cause  an 
oscillating  force  onto  the  bend  walls  (Fig.  3,  right).  The  low  frequency  peaks 
are  related  to  an  oscillation  of  the  Dean  vortices,  that  is  the  flow  pattern  at 
the  end  of  the  curved  part  is  alternately  dominated  by  the  left  or  right  Dean 
vortex,  resulting  in  an  oscillation  of  the  stagnation  point  (Fig.  4,  right).  This 
is  confirmed  by  a  spectral  analysis  of  the  position  signal  of  the  stagnation  point 
which  shows  the  same  two  peaks  as  the  force  signal.  The  amplitude  of  the  high 
frequency  peak  generally  decreases  and  that  of  the  low  frequency  peak  grows 
with  increasing  Reynolds  number. 

4  Conclusion 

An  LES-method  was  applied  to  swirling,  separated  turbulent  bend  flows.  The 
numerical  results  agree  well  with  experiments  with  regard  to  time-averaged  and 
statistical  data.  In  the  force  spectra  distinct  frequencies  are  observed  that  are 
related  to  vortex  shedding  and  a  low  frequency  oscillation  of  the  Dean  vortices. 
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1  Abstract 

This  paper  investigates  the  near  wall  structures  of  a  turbulent  pipe  flow  at 
Reynolds  numbers  ranged  from  5000  to  10000.  The  LIF  technique  is  used  for 
the  visualization  of  the  flow  patterns  which  are  recorded  by  a  CCD  camera  at 
the  speed  of  25  frames  per  second.  The  longitudinal  vortices  and  bursting  rates 
are  evaluated  from  the  time  series  of  the  images.  The  results  show  that  both 
average  spacing  of  the  longitudinal  vortices  and  mean  time  interval  of  the  bursts 
are  greater  than  those  at  plate  wall  of  turbulent  flows.  The  conditional  average 
of  the  local  velocity  field  in  the  near- wall  region  by  PIV  technique  shows  that 
there  are  greater  turbulent  fluctuations  in  the  ejection  event. 


2  Introduction 

The  target  of  this  study  is  aimed  at  the  characteristics  of  the  burst  phenomenon 
in  the  near  wall  region  of  a  turbulent  pipe  flow.  The  flow  structures  are  well 
known  at  the  turbulent  boundary  layer,  e.g.  Head  et  al  (1981)  [1],  however 
the  effect  of  the  transverse  curvature  on  the  structures  has  not  been  explored 
in  details.  In  the  paper  both  visualization  technique  and  PIV  measurements 
are  used  to  investigate  the  near-wall  structures  of  a  turbulent  pipe  flow.  The 
results  show  that  the  bursting  phenomenon  occurs  at  the  near-wall  region  of  the 
pipe  flow  as  similar  as  that  in  the  near-wall  region  of  turbulent  boundary  layer, 
however  the  bursting  frequency  is  lower  in  turbulent  pipe  flow. 


333 


334 


ZJinnsbjw,  Fong  Binchun,  Cui  Guixinug  and  Michel  Ayrau 


3  Visualization  results 

Tli('  cxpoi'inioiits  wore  performed  in  a  circular  smooth  water  pipe  flow  of  inner 
dia.m(4,er  40mm  at  Rt^yiiolds  number  5000  and  10000,  based  on  the  bulk  velocity 
and  the  dianiet(!r  of  the  pipe.  The  LIF  technique  was  used  for  the  visualization 
of  th('  flow  ]uttterns  and  PIV  techniciiie  was  used  for  measurements  of  velocity 
field  in  th(^  iH'ar  wall  region.  Fluorescent  dye  was  sucked  into  the  pipe  flow 
taugx'ntially  through  a  circular  slot  which  has  a  width  of  0.3mm  at  the  pipe  wall. 
Th('  flow  rat{^  of  the  dy('  was  low  enough  to  ensure  that  it  would  not  distuid)  the 
turbulent  jujU'  flow.  Both  longitudinal  and  cross  planes  were  illuminated  by  a 
Iniin  lascu-  light  sheet.  The  time  scries  of  the  flow  pictures  were  stored  in  the 
vid('otape  by  means  of  a  standard  CCD  camera.  The  frames  of  pictures  were 
then  digitized  into  images  and  processed  on  a  Work  Station. 

Figure  1  shows  the  typi{‘al  pictures  of  the  near  wall  structures  on  longitudinal 
planes.  The  flow  structure  on  the  longitudinal  plane  clearly  show  the  lifting  and 
ejection  events  as  well  as  the  spanwise  vortices  which  arc  similar  to  those  of  plate 
wall  turbulence  [1].  The  flow  picture  on  the  cross  plane,  shown  in  Figure  2, 
reveals  the  longitudinal  vortices  near  the  wall  and  the  mushroom  type  structure 
indicates  the  longitudinal  vortex  pairs. 


Figure  1:  Flow  structure  on  longitudinal  plane  at  Re=6000 

Based  on  th(^  400  hundred  successive  frames  of  images  on  the  longitudinal 
and  cross  jdanes,  tln^  mean  time  interval  of  bursting  and  the  average  spacing 
of  th(5  longitudinal  vortices  are  evaluated.  The  criterion  of  the  burst  events 
is  borrowed  from  Bogard  (198C)  [2]  and  the  mean  time  interval  of  bursts  is 

(^stiniatc'd  as  T  =  {8  -  10)7?,/^7,„,  in  which  B  is  the  pipe  radius  and  U,,,  is  the 
bulk  v{4ocity  of  the  pipe  flow.  The  meum  time  interval  is  comparable  but  greater 
than  that  in  the  plate  turbulent  boundary  layer  [3].  The  average  spacing  of  the 
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(a)  Global  view  (b)  Local  view 

Figure  2:  Flow  structure  on  cross  plane  at  Re=6000 


streaks  is  estimated  from  the  images  on  the  cross  plane,  it  is  about  140iy/ur  and 
is  slightly  larger  than  that  at  the  flat  bounded  turbulent  flow  in  which  100z//ur 
is  usually  accepted  as  the  average  spacing  of  longitudinal  streaks. 

4  Conditional  average  of  a  local  structure 

To  investigate  the  flow  properties  during  lifting  process  of  the  bursting  event  the 
PIV  technique  was  utilized.  The  fine  particles  were  fed  into  the  pipe  and  a  shut¬ 
ter  was  used  for  adjusting  the  exposure  time.  The  particle  images  were  recorded 
on  the  videotape  by  standard  CCD  camera  and  then  they  were  transferred  into 
a  Work  Station  for  processing.  When  we  investigated  the  flow  structures  in  the 
near  wall  region  we  only  take  the  images  in  near- wall  region,  i.e.  within  a  quarter 
of  radius  from  the  wall.  The  particles  were  fed  from  the  circular  slot  at  the  wall 
in  the  same  way  as  we  did  in  visualization  described  before. 

The  statistics  were  calculated  from  the  400  hundred  images.  The  global  mean 
values  were  taken  as  usual  time  and  streamwise  average,  the  local  mean  values 
inside  the  lifting  structures  were  taken  as  the  conditional  average.  The  results 
are  shown  in  Figure  3.  The  global  average  of  the  turbulent  pipe  flow  is  in  good 
agreements  with  previous  well-known  measurements.  The  conditional  average 
velocity  profile  show  that  the  flow  in  the  lifting  structures  is  slower  than  the 
mean  flow  while  the  turbulence  intensity  profile  demonstrates  the  high  intensity 
in  the  region  where  a  group  of  particles  bulging  in  the  near  wall  region. 


5  Concluding  remarks 

The  burst  phenomena  occur  at  the  wall  of  a  turbulent  pipe  flow  but  the  burst¬ 
ing  characteristics  are  different  from  those  in  the  plate  turbulent  boundary  layer. 
The  reason  for  the  difference  results  from  the  centrifugal  constraints  of  the  Ion- 
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(a)  mean  velocity  (b)  turbulent  intensity 

Figure  3:  Global  and  conditional  mean  velocity  and  turbulent  intensity  profiles 

gitudinal  voftices.  The  local  measurements  of  the  lifting  structures  confirm  that 
there  is  a  group  of  particles  bulging  in  the  near  wall  region  with  high  intensity 
in  the  near- wall  region. 
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1  Introduction 

Occurrence  of  turbulent  spots  characterizes  the  final  stage  of  laminar  to  tur¬ 
bulent  transition  of  the  boundary  layer  and  their  geometrical  similarity  to  the 
turbulent  bulge  in  a  downstream  turbulent  boundary  layer  was  also  suggested 
in  [1].  Then,  the  flow  visualization  [5]  revealed  that  the  turbulent  spot  was  an  as¬ 
semblage  of  many  small-scale  coherent  vortices.  But,  no  attention  has  been  paid 
on  the  vortex  interaction  phenomena  in  the  merging  process  of  turbulent  spots. 
The  present  work  aims  to  clarify  the  behavior  of  the  small-scale  vortices  inside 
the  turbulent  spot  during  the  merging  process  of  two  simultaneously  generated 
spots  in  a  laminar  boundary  layer.  It  also  discusses  about  the  possibility  of  the 
resultant  large-scale  coherent  vortices  growing  up  into  the  turbulent  bulges. 

It  is  difficult  to  inspect  the  interaction  phenomena  among  the  small-scale 
vortices  only  by  applying  the  ensemble  average  method  to  the  data  of  a  single 
hotwire,  because  their  fine-scale  configuration  differs  for  each  occurrence  [6]. 
In  the  present  study,  two  types  of  multi-hotwire  systems  are  employed  to  get 
detailed  instantaneous  configurations  of  the  internal  small-scale  vortices. 


2  Experimental  procedure 

As  shown  in  Fig.  1,  the  experiment  was  conducted  in  a  zero  pressure-gradient 
laminar  boundary  layer  developed  on  a  fiat  plate  of  0.75  m  7.7  m  in  a  low  turbu¬ 
lence  and  low  noise  wind  tunnel.  A  pair  of  turbulent  spots  was  simultaneously 
generated  by  issuing  small  jets  from  two  holes  (A^  =  0);  1  mm  in  diam.  and 
spaced  40  mm  apart  from  each  other,  at  700  mm  downstream  of  the  leading 
edge.  The  Reynolds  number,  Re^*  was  about  744  at  A  —  0,  based  on  the 
free  stream  velocity  I7oo=5.0  m/s  and  the  displacement  thickness  6*=2.2  mm. 
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Figure  1:  Scheniatic  of  experimental  Figure  2:  Instantaneous  velocity  per- 
setuj)  (unit:  mm).  turbation  u/Uoo  of  the  single  spot  at 

=  300  mm  and  Y/S  =  0.4. 


The  side  wall  contamination  was  removed  by  venting  on  both  sides  of  the  fiat 
plate.  Two  types  of  hotwire  rakes  were  employed.  For  16-channei  I-probe,  wires 
were  arranged  every  5  mm  and  had  a  75-mm  total  measuring  span  and  gave  the 
macroscopic  instantaneous  views  in  the  Z—T  plane  of  the  spots.  A  30-channel 
X-probe,  composed  of  alternatively  inclined  32  wires  placed  at  every  0.5  mm, 
gave  30  points  v.  and  v  components  in  detail  over  the  limited  span  of  14.5  mm. 

3  Results  and  discussion 

Figure  2  shows  an  instantaneous  velocity  field  when  a  single  spot  passes  through 
the  16  hotwires.  It  gives  a  typical  configuration  of  a  single  spot  with  an  arrow- 
shaped  turbulent  region  followed  by  a  laminar-like  calmed  region  [7].  Then,  the 
instantaneous  contours  of  u  of  a  single  and  merged  spots  in  the  Z-T  plane  are 
obtained  at  A"  =  300  mm  and  Y/6  =  0.4  as  shown  in  Figs.  3(a.),(b),  which 
give  detailed  structures  of  the  turbulent  spots  different  from  those  given  by  the 
ensemble-average  method  [1].  A  number  of  small-scale  velocity  excess  and  defect 
regions  appear  alternatively  along  the  leading  edge.  Their  streamwise  scale, 
TUoo,  is  30~80  mm  and  5~8  times  larger  than  their  spanwise  scale  of  5~15  mm, 
suggesting  that  the  turbulent  spot  is  composed  of  many  longitudinal  vortices. 
Possibly,  these  vortices  compose  the  legs  of  horseshoe  (hairpin)  vortices  inside 
the  spot,  as  visualized  by  Matsui  [5].  The  streamwise  growth  of  the  turbulent 
spot,  keeping  its  similarity  in  the  three-dimensional  configuration,  is  brought 
about  by  the  increase  in  number  of  the  longitudinal  vortices  [3].  It  must  be 
noted  that  the  spot  always  accompanies  a  negative  n  region  at  its  each  wing  tip 
where  an  upwash  of  low-momentum  fluid  is  induced.  When  two  spots  begin  to 
merge,  as  shown  in  Fig.  3(b),  the  interaction  occurs  around  their  inside  wing 
tips  and  the  upwash  is  enhanced  in  the  merged  region.  The  longitudinal  vortices 
in  each  spot  seem  not  to  intrude  into  the  other  spot  across  the  ejection. 

Figure  4  shows  instantaneous  contours  of  u  and  v  for  a  single  spot  given  by  the 
30-channel  X-wire  array.  Symmetrically  arranged  longitudinal  streaky  structures 
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Figure  3:  Contours  of  u/Uoo  (%)in  the  Z-T  plane  at  X=  300mm  and  Y/S  = 
0.4  given  by  the  16  channel  I-probe.  (a)  single  spot,  (b)  merged  spot. 
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Figure  4;  Contours  of  instantaneous  velocity  perturbation  of  the  single  spot  in 
the  Z—T  plane  at  X  =  200  mm  given  by  the  30  channel  X-probe.  (a)  u/Uoo  (%) 
at  Y/6  =  0.4,  (b)  v/Ucc  (%)  at  Y/S  =  1.0. 


arc  clearly  observed  near  the  arrow  head  at  Y/6  ~  0.4,  i.e.,  the  counter-rotating 
longitudinal  vortex  pairs  exist  in  the  lower  part  of  the  single  spot.  On  the  other 
hand,  the  instantaneous  plane  view  of  v  at  Y/S  =  1.0  shows  the  existence  of 
several  span  wise  vortical  structures  around  its  top. 

Figure  5  compares  the  ensemble-averaged  velocity  profile,  {U)/Uoo,  Z  ~ 
0  of  A"  =  300  mm  between  the  single  and  merged  spot.  The  merging  process 
enhances  the  velocity  defect  and  induces  a  stronger  inflectional  velocity  profile 
in  the  merged  region.  The  velocity  inflection  induces  spanwise  vortices  in  the 
upper  merged  region  as  shown  in  Fig.  6(b)  and  conform  the  heads  of  horseshoe 
vortices  connecting  the  longitudinal  vortex  pairs  in  the  lower  merged  region.  At 
the  further  downstream  of  =  600  mm,  the  merged  spot  grows  higher  and 
a  far  stronger  velocity  defect  region  appears  around  its  head  as  shown  in  Fig. 
7.  Different  from  Elder’s  result  [2],  the  present  results  suggest  that  the  vor¬ 
tex  interaction  in  the  merged  spot  gives  significant  influences  on  the  aspect  of 
the  boundary  layer  transition.  The  horseshoe  vortices  generated  by  the  vortical 
interaction  in  the  merging  process  may  develop  downstream  keeping  their  geo- 
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file  of  (U) /Uoo  Contour  levels  are  the  same  as  Fig. 

at  A'^SOOmm  4b.  (a)  single  spot,  (b)  merged  Figure  7:  Contours  of 

and  Z  =  0.  spot.  {u)/Uoo  {%)  at  AT  =  600mm. 


metric  identity  and  become  to  have  a  stronger  configuration,  which  initiate  the 
turbulent  bulge  in  the  fully  developed  turbulent  boundary  layer  [4]. 

4  Conclusions 

A  turbulent  spot  is  composed  of  many  small-scale  horseshoe  vortices.  When  two 
turbulent  spots  begin  to  merge,  strong  interaction  occurs  at  their  wing  tips  and 
induces  a  strong  upwash  in  the  merged  region.  The  unstable  velocity  profile 
there  enhances  spanwise  vortices  at  the  top  of  the  merged  spot  connecting  the 
longitudinal  vortices  beneath.  The  resultant  horseshoe  vortex  with  a  stronger 
configuration  may  grow  into  the  turbulent  bulge:  a  large-scale  vortical  motion 
in  the  turbulent  boundary  layer. 
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1  Introduction 

The  modelling  of  near-wall  turbulence  is  still  debated  either  from  the  point  of 
view  of  the  small  intermittent  structures,  either  for  what  concerns  the  large  ’’co¬ 
herent”  structures.  Regarding  the  latter,  several  euristical  models  have  been 
proposed  to  describe  the  generation  (or  regeneration),  the  interaction  and  the 
dissipation  of  wall  structures  (Hussain,  1994;  Adrian  1996;  Adrian  1999).  Al¬ 
though  there  is  a  general  agreement  on  the  behaviour  of  the  structures  aligned 
along  the  streamwise  direction  (’’hairpin  legs”),  the  flow  structures  connecting 
them,  if  exist,  are  modelled  diffently.  These  are  expected  to  leave  a  trace,  on 
a  plane  orthogonal  to  the  wall,  in  the  form  of  a  transverse  rotating  structure 
(’’hairpin  head”),  but  the  exact  shape  of  such  a  head  and  the  related  velocity 
and  vorticity  fields  are  dependent  on  the  specific  model.  For  example,  Hussain 
(1994)  described  these  connecting  structures  as  filaments  where  low  velocity  and 
vorticity  fields  are  present,  whereas  in  the  regeneration  model  by  Adrian  (1996) 
the  strenght  of  the  connection  is  much  higher.  Therefore,  the  open  question 
concerns  with  the  spanwise  velocity  component,  orthogonal  to  the  wall  normal 
plane  and  usually  indicated  as  w,  which  is  rarely  obtained  either  numerically  or 
experimentally.  As  a  matter  of  fact,  real  three-dimensional  data  are  required 
to  solve  the  problem.  Despite  the  large  amount  of  data  from  Direct  Numerical 
Simulation  (DNS)  available  for  low  Reynolds  number  turbulent  channel  flows, 
the  spatial  and  temporal  resolutions  at  the  distance  from  the  wall  where  heads 
are  observed  (well  inside  the  log-region,  i.e.  for  >  30,  where  4-  denotes  nor¬ 
malization  by  the  friction  velocity,  u*,  and  the  kinematic  viscosity)  is  not  well 
enough:  this  is  especially  true  along  the  streamwise  and  spanwise  directions  and 
in  time.  Therefore,  high  resolution  three-dimensional  experiments  are  required 
to  investigate  the  previous  questions.  The  aim  of  this  paper  is  to  measure  the 
three-dimensional  velocity  field  on  a  plane  orthogonal  to  the  wall  in  a  turbulent 


341 


342 


G.  Ciraolo  and  G.P.  Romano 


channel  flow  in  order  to  point  out  the  behaviour  of  the  spanwise  velocity  related 
to  wall  structures.  The  experimental  technique  used  is  the  Particle  Image  Ye- 
locimetry  (PIV)  and  namely  a  stereo  version  of  this  technique  which  enables  all 
the  three  velocity  comi)onents  on  a  plane  to  be  determined  (Adrian,  1996). 


2  Experimental  Set-up  and  Image  Analysis 

Measurements  are  taken  in  a  horizontal  water  channel  containing  a  fully  de¬ 
veloped  turbulent  flow.  The  coordinates  x,y  and  z  refer  to  the  streamwise, 
wall-normal  and  spanwise  directions  resitectively  and  the  related  velocity  c:om- 
j)onents  are  denoted  as  'n,v  and  lo.  Measurements  are  made  in  the  test  section 
{y  =  2  cm,  z  =  20  cm)  at  about  160  cm  downstream  of  the  inlet  {x/Ji  =  80, 
where  Ji,  is  the  channel  half- width).  Most  of  the  measurements  were  performed 
at  a  Reynolds  number,  based  on  }i  and  U  (the  mean  velocity  at  the  centreline), 
equal  to  4000  (//A  =  170).  This  value  was  selected  to  compare  the  obtained 
results  with  the  available  DNS  by  Kim  et  al.  (1987).  Images  of  the  flow  field  on 
the  (x,y)  plane  are  acquired  by  means  of  different  experimental  methods  based 
on  PIv': 


(i)  a  planar  PIV  to  measure  the  v.  and  v  components 

(ii)  a  ster(^o  PIV  using  one  CCD  camera  to  measure  the  u,  v  and  u)  components 

(iii)  a  stereo  PIV  using  two  CCD  cameras  to  measure  the  u,  v  and  v)  compo¬ 
nents 

The  second  method  was  used  with  mii’rors  and  prism  to  acquire  images  from 
two  vi(nvs  on  one  half  of  the  CCD  sensor  (the  horizontal  resolution  is  decreased), 
whereas  the  last  method  has  been  used  with  two  videocameras  tilted  of  aloout 
30  one  to  each  other.  For  the  present  measurements  the  time  interval  between 
images  is  about  l/250s  (and  this  represents  the  obtained  temporal  resolution), 
which  can  be  extended  up  to  l/2000s  for  measurements  in  high  Reynolds  num¬ 
ber  flows.  The  size  of  the  acquired  region  is  about  (2  x  2)cm/,  corresponding 
to  (340  X  340)  wall  units  in  the  plane  (x,y).  To  derive  the  spatial  resolution,  it 
should  be  considered  that  the  CCD  of  the  videocameras  has  about  (500  x  500) 
elements  so  that  the  minimum  detectable  displacement  is  about  0.5  wall  units. 
The  thickness  of  the  light  sheet  (obtained  from  an  Ar-ion  laser  using  a  rotating 
mirror)  is  less  than  1  mm  (about  15  wall  units).  The  images  are  processed  (us¬ 
ing  an  improved  non-standard  PIV  software,  Romano  et  al.  (1999))  to  derive 
the  two  velocity  components  on  each  plane.  The  third  velocity  component  (for 
methods  (ii)  and  (iii))  is  obtained  by  comparing  the  results  from  the  two  planes: 
the  two  horizontal  components  are  rearranged  to  give  the  streamwise  and  span- 
wise  velocities,  whereas  the  two  wall-normal  components  are  used  for  validation 
purposes  (Adrian,  1996). 
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3  Presentation  of  the  Results 

Several  thousands  of  images  are  acquired  to  form  a  large  data  base  for  further 
analysis.  The  first  four  moments  of  u,  v  and  w  components  and  the  u'v' ,  u'lu'  and 
v'w'  cross  moments  are  derived  from  such  data.  They  are  compared  to  the  well 
known  previous  results  by  Kim  et  al  (1987)  (DNS)  and  Johansson  et  al.(1986) 
(LDA)  nearly  at  the  same  Reynolds  number:  the  agreement  is  very  good  down  to 
the  minimum  measured  distance  from  the  wall  (y^  =  15).  Measured  rms  values 
of  the  three  velocity  components  are  compared  on  Figure  1  with  the  DNS  data  by 
Kim  et  al  (1987).  The  Reynolds  stress  u'v’  is  given  in  Figure  2  for  the  three  PIV 
acquisition  methods  together  with  the  DNS  data.  All  three  sets  of  measurements 
agree  between  them  with  a  slight  overestimation  in  comparison  to  the  DNS  for 

>  80.  This  could  depend  on  the  slightly  different  Reynolds  number.  The 
results  support  the  conclusion  that  both  the  one-camera  and  the  two-cameras 
configurations  can  be  employed.  The  former  allows  to  have  a  simpler  optical  set¬ 
up  and  analysis  procedure,  whereas  the  latter  attains  a  higher  spatial  resolution. 

The  attention  is  then  focused  on  the  detection  of  wall  structures  to  identify 
’’hairpin  heads”  in  the  (x,y)  plane.  Hairpin  heads  are  mostly  observed  (about 
80%)  between  y^  ~  30  and  y^  ~  130  in  agreement  with  the  literature  on  the 
argument.  In  Figure  3  an  instantaneous  plot  of  the  three  velocity  components 
is  given  (the  mean  flow  velocity  was  subtracted  from  the  longitudinal  u  com¬ 
ponent).  It  should  be  observed  that  the  largest  values  of  the  spanwise  velocity 
{0.3u*)  are  observed  for  ?/+  <  70,  just  where  most  of  the  hairpin  heads  form.  In 
the  region  from  the  wall  to  ?/+  ~  70,  the  number  of  such  hairpins  decreases  as 
the  Re3molds  number,  whereas  in  the  outer  region  it  slightly  increases. 

The  spanwise  velocity  lu  (measured  at  the  center  of  each  hairpin  head),  is 
computed  and  averaged.  In  Figure  4  it  is  plotted  as  a  function  of  the  distance 
from  the  wall.  The  measured  maximum  value  (w  ~  0.3iP)  is  of  the  same  order 
of  magnitude  of  those  obtained  for  the  u  and  v  (in-plane)  fluctuating  velocity 
components,  thus  confirming  a  strong  spanwise  velocity  field  related  to  those 
heads.  The  spanwise  velocity  (almost  equal  to  zero  for  ?/+  <  30  )  increases  from 
the  wall  up  to  y'^  ~  70  and  then  again  decreases  vanishing  at  ?/+  ~  140.  This 
means  that  a  fundamental  role  for  the  spanwise  field  is  effective  within  the  layer 
(40  <  y^  <  120),  where  the  value  of  w  is  at  least  one  third  of  the  other  velocity 
components  (O.lu*).  This  is  an  experimental  evidence  that  should  be  considered 
by  the  existing  models  of  near-wall  structures. 
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Figure  1:  Measured  rms  velocities 
(symbols)  compared  with  DNS  by 
Kim  et  al  (1987)  (lines). 
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Figure  2:  Measured  Reynolds  stress 
(symbols)  compared  with  DNS  by  K 
im  et  al  (1987)  (lines),  diamonds,  PIV 
2D;  stars,  Stereo-PIV  (1  camera);  cir¬ 
cles,  Stereo-PIV  (2  cameras). 


Figure  4:  Spanwise  velocity  within 
hairpin  heads.  The  line  is  a  fit  to 
Figure  3:  Instantaneous  plot  of  the  three  data, 
velocity  components  in  the  channel  flow. 
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1  Introduction 

Recently,  Jimenez  &  Pinelli  [1]  performed  a  numerical  experiment  showing  that 
the  organization  of  the  buffer  layer  in  quasi-longitudinal  low  and  high  speed 
streaks  is  responsible  for  the  regeneration  of  the  streamwise  vortices  and  demon¬ 
strated  the  principle  that  the  turbulence  production  cycle  may  be  interrupted 
through  the  weakening  of  the  streaks  by  some  external  perturbation.  Schoppa  & 
Hussain  [2],  using  DNS  of  a  turbulent  channel  flow,  suggested  a  promising  new 
skin  friction  drag  reduction  technique  based  on  large  scale  vortices  or  colliding 
span  wise  wall  jets  control.  They  showed  that  both  techniques  may  break  the 
boundary  layer  vortex  regeneration  cycle  by  disrupting  the  unstable  low  speed 
wall  streaks  generated  by  previous  (or  pre-existing)  streamwise  vortices. 

In  order  to  clarify  the  mechanisms  of  near- wall  turbulence  regeneration  and 
to  examine  the  possibility  of  turbulence  control  in  the  future,  it  appears  thus 
interesting  to  investigate  the  responses  of  the  turbulent  wall  structures  to  exter¬ 
nal  perturbations.  The  investigation  presented  here  deals  with  the  turbulence 
characteristics  of  the  flow  in  the  bufl'er  layer  of  a  flat  plate  boundary  layer  in 
presence  of  streamwise  embedded  large  scale  vortices;  the  main  objective  is  to 
observe  the  direct  influence  of  the  disturbances  on  the  wall  organized  motions. 

2  Experimental  Technique 

The  experiment  was  carried  out  in  the  Hydra  Water  Tunnel  of  CNR-CSDF. 
This  facility  is  a  closed  loop,  open  flow  channel  with  350x500x1800  mm  test 
section.  Measurements  were  taken  over  a  flat  plate  2050  mm  long,  spanning  the 
whole  test  section,  with  imposed  transition  at  the  leading  edge.  An  array  of 
longitudinal  vortices  is  generated  by  water  jets,  injected  at  x=0  through  6  holes 
(2mm  diameter),  drilled  at  pitch  angles  of  alternatively  45  and  -45  degrees, 
through  the  plate  along  its  span.  The  jet  configuration  produces  three  couples 
of  counter-rotating  vortices.  The  distance  between  two  adjacent  holes  is  30 


345 


346 


M.  Onorato,  G.  M.  Di  Cicca,  G.  luso  and  P.  G.  Spazzini 


mm,  corresponding  to  about  500  viscous  lengths  at  the  natural  test  condition. 
The  ratio  between  the  mass  flow  rate  of  the  6  jets  and  the  mass  flow  rate  of 
the  boundary  layer  is  0.003.  The  evolution  of  the  vortices  is  described  in  Di 
Cicca  et  al.  [3].  Measurements  have  been  carried  out  by  digital  particle  image 
velocimetry  (DPIV).  The  flow  field  is  seeded  with  spherical  solid  paricles,  2 
micron  nominal  diameter.  Seeding  concentration  is  about  lO"”^.  A  double-pulsed 
light  sheet  is  provided  by  a  Nd-YAG  laser  source  (200  mJ  and  8  ns  per  pulse). 
Images  are  captured  by  a  digital  CCD  video  camera  Kodak  MEGAPLUS  ES 
1.0  (1008  X  1012  pixels)  and  analyzed  via  cross-correlation  technique.  Results 
obtained  lighting  a  plane  (x,z)  parallel  to  the  flat  plate  will  be  commented  in 
this  paper.  The  dimension  of  the  measurement  volume  are  determined  by 
the  laser  light  sheet  thickness,  about  0.5  mm,  and  by  the  interrogation  spot 
size.  For  the  present  data  the  interrogation  window  is  32  x  32  pixels  (with  50% 
overlapping);  the  physical  dimension  A  is  then  0.9  mm  (about  13  wall  units, 
8  Kolmogorov  scale  lengths).  The  natural  boundary  layer  at  the  measurement 
section  is  characterized  by  Ree  =  1010  and  Ug/ur  =  21.3. 

In  Fig.  1,  from  [3],  the  rear  end  view  ((y,z)  plane)  of  the  flow  field  is  shown  in  a 
section  upstream  of  the  present  measurement  section.  The  vectors  represent  the 
mean  velocity  obtained  by  averaging  over  100  couples  of  PIV  images  and  show 
the  two  counter-rotating  vortices  in  the  central  part  (-30mm  <  -2^  <  30mm)  of 
the  flat  plate.  The  vortices  appear  to  be  completely  immersed  in  the  boundary 
layer,  whose  thickness  there  is  about  40mm. 


Figure  1:  Rear-end  view  of  the  av-  Figure  2:  Fluctuating  streamwise 

eraged  flow  field  at  x=130  mm.  velocity  component  map.  Jets  off; 

y+  ~  15. 

3  Results  and  Comments 

Results  obtained  in  a  plane  parallel  to  the  plate,  in  the  buffer  layer,  at  a  distance 
from  the  wall  that  was  estimated  to  be  15  viscous  lengths  (y+  =  15)  are  here 
shown.  With  reference  to  Fig.  1,  the  analyzed  flow  extends  from  about  z=0  to 
z=30  mm,  covering  a  planar  flow  field  of  about  500  x  500  wall  units.  In  this 
region  the  secondary  vortical  flow  appears  as  a  spanwise  jet  parallel  to  the  wall, 
colliding  with  an  opposite  jet  at  z=0.  The  center  of  the  observed  flow  section  is 


u(mm/s) 
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at  250  mm  downstream  from  the  vortex  generator  jets.  The  maximum  spanwise 
disturbance  velocity  induced  by  the  vortices  in  this  region  is  less  than  5%  of  the 
external  flow  velocity. 

A  grey  level  map  of  the  instantaneous  fluctuating  longitudinal  component 
of  the  velocity,  u,  is  reported  in  Fig.  2  for  the  case  without  control  jets.  The 
organization  of  the  buffer  layer  flow  in  low  and  high  speed  streaks  is  evident.  A 
similarly  organized  flow  field  can  be  observed  for  the  case  of  vortex  manipulated 
boundary  layer,  although  the  streaks’  edges  are  more  blurred  in  the  spanwise 
direction,  indicating  .that  transversal  shear  is  reduced.  A  statistical  analysis 
performed  over  25  images  like  the  ones  in  Fig.  2,  for  the  natural  wall  flow  and 
for  the  manipulated  one,  gives  a  reduction  of  14%  for  the  variance  of  the  u 
velocity  and  a  reduction  of  40%  for  the  variance  of  the  fluctuating  component 
of  the  spanwise  velocity  ly,  due  to  the  flow  control.  It  should  be  observed  that 
25  images  are  not  enough  to  completely  characterize  statistically  the  flow  under 
consideration,  due  to  low  frequency  unsteadiness  present  in  the  vortex  controlling 
flow.  Similar  velocity  fluctuation  reduction  has  been  observed  in  [3]  in  the  buffer 
layer  region,  where  statistical  convergence  was  reached. 


Figure  3:  Double  spatial  correlation  function  Ruu  maps. 

In  Fig.  3  a)  the  double  spatial  correlation  function,  relative  to  the  longitudinal 
fluctuating  velocity  Ruu  is  shown,  for  the  natural  boundary  layer.  The  results, 
in  very  good  agreement  with  those  of  Carlier  et  al.  [4],  show  an  elliptical  shape  of 
about  100  wall  units  in  width  and  more  than  500  wall  units  in  length  (scales  are 
not  resolved  in  the  x  direction).  The  correlogram  in  Fig.  3  b)  refers  to  the  case 
of  vortex  manipulated  flow.  Comparison  with  Fig.  3  a)  shows  strong  similarities 
between  the  two  cases,  which  suggests  that,  in  spite  of  the  observed  reduction  in 
turbulence,  due  to  the  superimposed  vortical  flow  field,  the  global  organization 
of  the  flow  is  not  affected  by  the  manipulation,  at  least  for  this  weak  level  of 
the  introduced  disturbance.  Similar  results  have  been  found  by  Soldati  et  al.  [5] 
in  their  study  of  turbulence  control  simulating  numerically  large  scale  Electro- 
Hydrodynamic  streamwise  vor  tical  flows  superimposed  to  a  plane  Poiseuille  flow. 
In  Fig.  4  the  probability  density  functions  of  du/dz  are  compared  for  the  natural 
and  manipulated  boundary  layer.  For  the  vortex  controlled  flow,  at  values  larger 
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than  {du/dz)j^j^^g  and  lower  than  -  shows  lower  values 

(reductions  up  to  30%).  This  is  in  agreement  with  the  visual  observation  of  the 
u  velocity  maps.  The  value  of  [djdz)  is  significative  of  the  vorticity  component 
normal  to  the  wall,  Uy.  The  importance  of  Wy  in  the  turbulence  production 
cycle  has  been  stressed,  among  others,  by  Jimenez  &  Pinelli  [1]  and  Schoppa 
h  Hussain  [2].  According  to  them  the  inviscid  instability  of  the  vorticity  sheet 
(mainly  provided  by  cjy)  flanking  the  streak  is  the  basic  regeneration  mechanism 
of  the  streamwise  vortices  populating  the  buffer  layer  region. 


Figure  4:  Spanwise  deriva¬ 

tives  [du/dz)  probability  den¬ 
sity  functions;  natural  flow, 
(du/dz)  =  276-"^  manipu¬ 

lated  flow,  (duldz)pj^^jg  —  25,s'“b 
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In  conclusion,  the  weak  control  imposed  by  the  embedded  longitudinal  vor¬ 
tices  has  produced,  in  the  measurement  plane  at  y'^  ~  15,  a  sensible  reduction 
of  turbulence.  The  exam  of  the  flow  organization  shows  no  evidence  of  disrup¬ 
tion  of  the  velocity  streaky  pattern  or  differences  in  the  velocity  bands  spacing. 
PDF  analysis  of  (du/dz)  has  indicated  a  reduction  in  transversal  shear,  that 
may  imply  a  reduction  in  velocity  turbulent  fluctuations. 
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1  Introduction 

Due  to  the  recent  technical  development,  digital  PIV  (Particle  Image  Velocime- 
try)  has  become  a  widespread  tool  for  overall  flowfield  measurements.  One  of 
the  limitations  of  the  digital  technique  is  its  poor  spatial  resolution.  However, 
the  present  study  shows  that  accurate  near  wall  measurements  can  also  be  ob¬ 
tained  with  digital  PIV,  provided  the  image  size  is  small  enough  and  sufficient 
care  is  taken  to  eliminate  optical  disturbances.  This  is  also  the  first  time  that 
PIV-measurements  have  been  made  in  a  boundary  layer  at  high  Reynolds  num¬ 
bers  with  a  sufficiently  large  data  set  to  form  a  statistically  safe  average.  The 
present  study  also  shows  the  use  of  digital  PIV  for  studying  coherent  structures 
in  turbulent  flows,  making  use  of  the  fact  that  instantaneous  values  in  a  whole 
plane  of  the  flowfield  are  available. 

2  Experimental  setup 

Experiments  were  performed  in  a  turbulent  boundary  layer  with  zero  pressure 
gradient  developing  on  a  flat  plate.  PIV-measurements  were  made  in  the  wall 
normal  and  spanwise  directions.  A  large  number  of  images  were  captured  and 
processed  statistically  and  the  results  were  compared  to  those  obtained  with 
hotwire  anemometry. 

The  experiment  was  carried  out  in  the  MTL  wind  tunnel  at  KTH.  The  tunnel 
has  a  7  meter  long  test  section  with  cross  section  area  0.8  m  x  1.2  m,  and  an 
exceptionally  good  flow  quality.  Measurements  were  done  on  a  flat  aluminum 
plate  at  a  distance  x=5.5  m  from  the  leading  edge,  and  a  free  stream  veloc¬ 
ity  ^7oo  =  13.2  m/s.  The  Reynolds  number  based  on  x-position,  Re^,  was  4.8 
millions  and  based  on  momentum  loss  thickness  Re^  was  8300;  The  reference 
measurements,  made  with  CTA  hot  wire  anemometry  were  made  in  the  same 
setup  [2]. 

The  PIV  equipment  consists  of  a  400  mJ  double  pulsed  NdiYag  laser  and 
a  digital  Kodak  ESl.O  CCD  camera,  containing  1018  x  1008  pixels.  Figure  1 
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shows  the  setup  for  the  wall  normal  measurements.  The  flow  was  seeded  by 
means  of  a  smoke  generator  using  either  paraffin  oil  or  glycol.  The  presented 


1  k  X  1  k  pixels 

Figure  1:  Setup  in  the  xy-plane  experiment. 


data  are  ensemble  averages  of  2700  and  1300  image  pairs  respectively  which  were 
submitted  to  validation  and  statistical  processing.  The  interrogation  area  size 
was  32  X  32  pixels  with  an  overlap  of  50%. 

A  mirror  was  mounted  in  the  plate  in  order  to  avoid  reflexions  of  the  light 
sheet  from  the  surface  which  might  corrupt  the  data  in  the  near  wall  region. 


3  Results 

3.1  Comparison  between  PIV  and  hotwire 

Figure  2  shows  the  boundary  layer  profile  of  the  the  streamwise  velocity  compo¬ 
nent  (U)  and  its  fluctuations  (u^ms)  compared  to  hot  wire  data.  The  data  are 
plotted  in  wall  units,  defined  using  a  wall  shear  stress  determined  by  means  of  oil 
film  interferometry,  see  [3],  giving  a  viscous  length  scale  31  /im.  The  dashed  line 
in  the  figure  shows  the  logarithmic  law  and  a  linear  scaling  u'*'=y  for  y'*'<10. 

The  total  boundary  layer  thickness  was  70  mm  and  the  PIV  image  size  was 
11.2  mm  X  11.1  mm  giving  an  interrogation  area  size  of  0.35  mm,  i.e  11.4  viscous 
units.  The  agreement  between  PIV  and  hot  wire  measurements  is  fair  all  the  way 
down  to  the  measurement  point  at  y’^^S,  see  [5].  Also  the  profile  of  u,  .,ns  shows 
the  correct  behavior.  The  inner  peak  at  y'‘'=17  is  well  captured,  however,  the 
overall  level  of  the  Ur,7is  values  is  higher  than  those  measured  with  the  hotwire. 

With  use  of  the  mirror  the  wall  distance  could  accurately  be  determined  and 
optical  disturbances  were  efficiently  eliminated.  It  is  possible  to  measure  all 
the  way  down  to  the  innermost  point  at  y+=4.5  but  due  to  the  large  velocity 
gradient  close  to  the  wall  the  velocity  is  underestimated  in  the  averaging  over  a 
rather  large  area.  The  hot  wire  has  a  much  smaller  extent  normal  to  the  wall 
than  can  be  achieved  with  PIV,  however,  it  is  affected  by  heat  convection  into 
the  wall. 
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Figure  2:  Boundary  layer  profile  in  inner  variables,  comparison  between  PIV 
(symbols)  and  hot  wire  anemometry  (line)  Left:  mean,  right:  rms  of  the  stream- 
wise  velocity. 

3.2  Spanwise  structures 

It  is  well  known  that  low  speed  streaks  exist  in  the  viscous  sublayer  with  a  char¬ 
acteristic  spanwise  spacing  of  100  viscous  units.  According  to  [1],  such  structures 


Figure  3:  Left:  Instantaneous  fluctuations  in  the  xz-plane,  right:  spanwise  cor¬ 
relation  of  vI . 

can  still  be  observed  as  far  out  as  y+=100.  PIV  measurements  were  made  in  the 
x-z  plane  and  images  of  50  mm  x  50  mm  were  captured  at  a  distance  of  approx¬ 
imately  y+=100  from  the  wall.  Since  the  laser  sheet  has  a  thickness  of  about 
1  mm,  corresponding  to  about  32  viscous  units,  velocities  represent  an  average 
over  a  finite  region.  A  mean  velocity  was  computed  as  the  ensemble  average 
from  the  data  set  and  this  mean  velocity  was  then  subtracted  from  each  instan¬ 
taneous  flow  field,  in  order  to  obtain  the  fluctuating  velocity  components  u^  and 
w'.  Figure  3  (left)  shows  an  example  of  the  instantaneous  velocity  fluctuations 
in  the  xz-plane.  Visual  inspection  of  such  pictures  reveal  coherent  structures. 
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Spanwise  correlation  functions  were  derived  and  averaged  in  images  where  u'  was 
predominantly  negative,  indicating  presence  of  low  speed  streaks.  The  result  is 
shown  in  Figure  3  (right),  where  the  dashed  line  is  the  average  of  200  image  pairs, 
and  the  full  line  is  the  correlation  obtained  from  the  instantaneous  flow  field  in 
the  left  figure.  The  graph  clearly  indicates  that  there  is  an  alternating  positive 
and  negative  correlation  at  a  spanwise  peak-to-peak  distance  of  about  20  mm, 
which  corresponds  to  620  viscous  units.  This  is  substantially  larger  than  100 
suggesting  that  emerging  of  sublayer  streaks  may  take  place  in  the  logarithmic 
region.  The  size  of  the  interrogation  area,  26  viscous  units,  might  be  to  small 
to  capture  streaks  with  a  spacing  of  100  viscous  units,  but  a  reprocessing  with 
half  the  interrogation  area  size  did  not  have  any  effect  on  the  measured  streak 
spacing.  Similar  observations  have  been  made  in  [4]. 


4  Summary 

In  summary,  the  present  experiments  show  that  PIV  can  give  accurate  results  for 
the  mean  velocity  in  the  near  wall  region  of  a  turbulent  boundary  layer,  provided 
the  image  is  focused  in  this  region,  reflexions  are  eliminated,  and  sufficiently  large 
data  sets  are  used.  Accurate  measurements  are  made  down  to  y'^=8  in  a  high 
Reynolds  number  turbulent  boundary  layer.  This  is  comparable  to  what  can  be 
achieved  with  hotwire. 

Coherent  structures  can  be  clearly  seen  in  these  pictures,  however,  their 
spacing  is  substantially  larger  than  100  viscous  units. 
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1  Introduction 

Turbulent  mixing  can  be  observed  in  a  lot  of  geophysical  flows.  The  turbulent 
flow  conditions  guarantee  accelerated  mixing  of  all  transported  quantities,  like 
momentum,  mass,  and  energy,  and  lead  to  an  enhanced  diffusion.  Furthermore, 
there  is  a  wide  range  of  active  scales  present  in  the  flow  which  involves  a  large 
number  of  degrees  of  freedom.  In  this  paper  we  present  high  resolution  direct 
numerical  simulation  of  the  mixing  in  two-dimensional  turbulent  flows  to  get 
fundamental  insights  into  the  transport  processes.  As  the  dynamics  of  such  flows 
is  mainly  dominated  by  coherent  vortices  [1],  they  are  of  primordial  importance 
for  the  mixing  of  scalars.  The  aim  of  our  work  is  to  study  the  influence  of 
coherent  vortex  structures  and  of  the  transport  coefficients  on  the  mixing  of 
passive  and  reactive  scalars. 


2  Conceptual  formulation 


We  use  a  classical  pseudo-spectral  scheme  to  integrate  numerically  the  Navier- 
Stokes  equations  together  with  the  convection-diffusion  equations  of  the  scalars 
[2].  The  semi-implicit  time  scheme  consists  of  an  Euler  backwards  treatment 
for  the  linear  terms  and  an  Adams-Bashforth  extrapolation  for  the  non-linear 
terms.  The  governing  equations  read 


dtv  4-  V  •  Vv 


did  +  u-Vci 
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Re  Sc 
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<1 
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V^Ci  -DacACB  , 

(3) 

with  the  velocity  v,  the  pressure  p,  the  concentration  Ci  of  species  i  —  A,  B. 
The  density  p  is  set  to  1.  As  non-dimensional  parameters,  the  Reynolds  number 
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Re,  the  Schmidt  number  Sc  and  the  Damkohler  number  Da  arc  introduced.  We 
consider  a  system  of  two  species  in  a  two-dimensional  isothermal  incompressible 
flow  imposing  periodic  boundary  conditions.  In  the  reactive  case,  we  implement 
a  second  order  reaction  between  the  species. 

We  calculate  the  time  evolution  of  the  physical  quantities  in  a  domain  of  Q  = 
[27r]^  using  600“  grid  points  for  the  computation  of  about  10  eddy  turnover  times 
with  a  time  step  of  10“^.  The  physical  parameters  are  Re  =  10"^,  5c  =  1,  and 
Da  =  0  in  the  non-reactive  case  and  Da  =  0.2  in  the  reactive  case,  respectively. 

3  Results 

In  [3],  we  mainly  examined  typical  coherent  vortex  structures  in  order  to  show 
how  vortices  affect  the  mixing  of  species.  Here,  we  present  the  evolution  of  a.  fully 
developed  turbulent  flow  (cf.  figure  1),  and  show  the  two  identified  mechanisms 
which  enhance  the  mixing  process: 

(a)  the  merging  of  co-rotating  vortices,  and 

(b)  the  creation  of  quasi-singular  structures,  i.e.  the  formation  of  spirals. 


Figure  1:  Time  evolution  of  a  fully  developed,  freely  decaying  turbulence  at  t  = 
0,  5, 10  eddy  turnover  times.  Top:  Vorticity  fields.  The  marked  regions  denote 
two  main  mixing  processes:  (a):  merger,  (b):  spirals’  formation.  Bottom: 
Scalar  concentration. 


In  order  to  quantify  the  mixing,  we  consider  local  mixing  time  scales  which 
describe  the  early  variance  decay.  By  asymptotic  anal3^sis  for  a  one-vortex  flow, 
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the  following  evolution  of  the  variance  of  a  passive  scalar  cr'^(t}  is  predicted  by  [4]: 

cr^(O) ~  (4) 

For  the  case  of  a  fully  developed  turbulent  flow,  the  evolution  of  the  scalar  vari¬ 
ance  is  depicted  in  figure  2.  In  the  early  beginning  the  variance  evolves  similar 
to  pure  diffusive  scalars  described  by  the  second  term  in  (4) ,  whereby  after  some 
eddy  turnover  times  an  enhanced  (anomalous)  diflFusion  can  be  observed.  This 
enhancement  can  be  correlated  to  the  Kolmogorov  capacity  Dj.,  i.e.  a  fractal 
dimension  of  the  flow,  which  is  here  =  0.33  and  agrees  with  the  first  term  in 

(4). 


Figure  2:  Evolution  of  the  variance  of  a  passive  scalar  with  Sc  =  1. 

Figure  3  shows  the  histograms  of  ca  in  the  non- reactive  and  reactive  case  after 
about  30  vortex  turnover  times.  A  comparison  with  fitted  /^-functions,  which 
are  used  in  classical  presumed  shape  PDF-models  [5]  for  computing  turbulent 
flows  shows  a  good  accordance. 

4  Conclusions 

The  present  paper  is  concerned  with  the  direct  numerical  simulation  of  the  mix¬ 
ing  in  freely  decaying,  incompressible  homogeneous  isotropic  turbulence  in  two 
dimensions.  We  compared  the  fractal  dimension  of  the  passive  scalar  in  the  flow 
with  theoretical  predictions  and  showed  the  agreement.  We  conclude  that  the 
spiral  formation  and  the  vortex  merging  are  important  features  to  model  turbu¬ 
lent  flows.  This  impact  will  increase  with  the  Reynolds  number  which  enhances 
the  intermittency  of  the  flow.  Also,  we  showed  the  agreement  of  the  histograms 
of  passive  and  reactive  scalars  with  commonly  used  /3-PDF’s. 


358 


Wolfgang  Gerlinger,  Kai  Schneider  and  Henning  Bockhorn 


Figure  3:  Histograms  and  approximated  /?-PDF’s  for  a  non-reactive  {Da  —  0) 
and  a  reactive  {Da  =  0.2)  simulation  after  30  eddy  turnover  times. 
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1  Introduction 

The  method  of  differential  constraints  advanced  by  Yanenko  [1],  for  construct¬ 
ing  explicit  solutions  to  different  kinds  of  nonlinear  partial  differential  equations 
makes  it  possible  to  obtain  the  gradient-type  algebraic  expressions  for  unknown 
functions.  This  provides  us  a  concept  for  examining  the  closure  procedure  for 
momentum  equations  in  Turbulence  Models.  Moreover,  the  method  gives  a  rea¬ 
sonable  tool  for  obtaining  algebraic  expressions.  The  exposition  is  demonstrated 
on  an  example  chosen  from  Free  Turbulence  Flow  Theory.  The  analysis  has  been 
carried  out  in  the  article  shows  that  a  concept  of  differential  constraints  allows  us 
to  interpret  algebraic  expressions  as  the  equations  of  invariant  sets  (manifolds) 
generated  by  corresponding  differential  equations. 

The  plan  of  the  article  is  as  follows.  In  Section  2  we  expose  a  new  third-order 
closure  model  of  turbulence  based  on  using  an  approach  which  was  developed 
in  [2].  This  approach  has  been  employed  in  [2]  to  obtain  a  closed  model  of 
turbulence  that  does  not  imply  equality  to  zero  of  the  fourth-order  cumulants. 
The  closer  procedure  was  performed  at  level  of  the  fifth  moments.  We  apply  the 
model  to  study  a  classical  problem  on  the  dynamics  of  the  shearless  turbulence 
mixing  layer.  Our  next  result  is  devoted  to  examining  an  algebraic  expression 
for  the  triple  correlation  of  the  vertical  velocity  fluctuations  In  Section  3 

we  show  that  the  set  of  smooth  functions: 

B  =  (u>^),T  L  ~  (w^)  -f  =  0} 

is  invariant  under  the  flow  generated  by  the  differential  equation  for  (w^).  As  a 
consequence,  it  is  established  that  the  differential  constraint  coincides  with 
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the  algebraic  expression  for  {w^)  or  the  so-called  tensor-invariant  model  [3].  In 
Section  4  we  discuss  the  existence  of  selfsimilar  solutions. 


2  Modelling  the  turbulent  transport  in  a  shear¬ 
less  mixing  layer 

The  subject  of  the  study  is  the  problem  on  interaction  and  mixing  between  two 
semi-infinite  homogeneous  turbulent  flow  fields  of  different  scales.  The  starting 
point  is  the  following  system  of  average  equations: 


deu 

dt 


djchw) 

dz 

d{w^ 


d{w^ 


_2  ^  _ 
'3^’  dt  ~ 


dz 

Cl 


/ 


-\--^l3g{we)-c,,-, 


(ni^)  -  -E 


2 

_ 


dt  -  dz 

As  usual,  (w^)  is  the  one-point  velocity  correlation  of  the  second-order,  t  —  E/e 
the  time  scale  of  turbulence.  Here  E,  e  are  the  kinetic  energy  and  spectral  flux 
of  the  turbulent  kinetic  energy.  The  volumetric  expansion  coefficient  is  /?  =  1/0, 
where  0  and  9  are  the  mean  and  variance  potential  temperature  respectively. 
The  constants  involved  in  the  model  with  lower  case  letters  are  denoted  by 
We  complete  the  system  by  the  transport  equation: 

Algebraic  parametrizations  for  the  fourth-order  cumulant  C,  the  triple  correla¬ 
tion  {w'^9}  and  the  vertical  heat  flux  {luO)  can  be  written  as  [2]: 


C 


C3 

dQ 


b{w 


dz 


+  4(w“)- 


dz 


{loO)  = - 

Co,  dz  ^gco, 


{0'^)  - 


dQ 


tN'^ 


{id9)  — 


rN'^-y  (w^) 


Cr  ■  ■  dz  dgr  \  da  J  cod' 

where  r  =  t/tq,  tq  is  the  time  scale  of  potential  temperature  variance,  N  the 
Brunt-Vaisala  frequency.  Using  the  balance  approximation  between  exchange 
mechanism  and  dissipation,  the  equation  for  ej,  is  simplified.  It  follows  from  the 
formula  for  C  [2]  that  the  contribution  of  the  second  term  in  the  algebraic  model 
for  the  cumulant  C  is  leading.  Thus  the  governing  equations  are: 

d{w^)  d{w^)  ^  {ur) 


dt 


dz 


—  a- 


(2.1) 
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dt 


dz 


KTiW 


d{w^) 

dz 


dz 


dt 


dz 


2.  de 


&r{w  )- 


{2.2) 

(2.3) 


where  a  =  2/3,  /c  =  6ci/c3(ci  +  2),  7  =  2c2(ci  +  l)/3ci,  6  =  3ciCrf/2(ci  +  2), 
Q  =  2c,2(ci  +  2)/3ci,  f  =  (w^>/e. 


3  Invariant  sets 


By  using  the  theory  of  Symmetry  Analysis  [4]  we  prove 

Theorem  3.1  Let  the  triple  {w'^),  (w^),  e  be  a  sufficiently  smooth  solution  of 
(2J)-(2.3)  and  let  n  =  5.  Assume  also  that  fz  =  Offit  =  (2q!<5  ~  7^  4-  3)/^,  then 
(i)  the  equation  (2.2)  admits  the  invariant  set  D;  (ii)  the  system  (2.1)-(2.3)  on 
the  invariant  set  D  is  equivalent  to: 


(w^)  =  {2a6  -  ^6 -\-2)el6,  {w^)  =  -Sf{w^)(w'^)z,  (3.1) 


de 

dt 


dz 


(3.2) 


Theorem  3.1  has  a  special  interest  in  view  of  its  application  to  Turbulence  Mod¬ 
els. 


Corollary  3.1  The  equation  V}{{ur')^  (w^),f)  =  0  that  defines  an  invariant  set 
of  (2.1)-(2.3)  coincides  with  the  algebraic  triple  correlation  model  or  the  tensor- 
invariant  model  [3]. 

Other  words,  the  algebraic  expression  represents  the  equation  of  an  invariant  set 
(manifold)  generated  by  the  differential  equation  for  the  triple  correlation. 

Corollary  3.2  There  no  exists  differential  constraints  of  the  form 

n"  =  . .  {wX,f)  =  0 

forn  >  1  where  {w^)n  denotes  the  n-order  derivative,  is  a  sufficiently  smooth 
function. 


4  Selfsimilar  solutions 

Theorem  3.1  enables  us  to  reduce  (2.1)-(2.3)  to  the  algebraic  differential  expres¬ 
sions  (3.1),  (3.2)  which  are  more  simple  system  for  analyzing.  Using  the  obtained 
reduction  we  give  the  selfsimilar  description  for  (2.1)-(2.3).  Appropriate  selfsim¬ 
ilar  solution  to  our  problem  is  a  solution  of  the  form: 

{t  +  tor>‘+’'’  ^  (i  +  io)''"’  (i  +  io)®"’ 


c. 


(4.1) 
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i  =  L  =  A(t  +  toy',  zo  =  AoL  +  Ai,  «o  >  0. 

1j 

where  A,  A/  are  model  constants  and  to  is  a  parameter.  A  straightforward  calcu¬ 
lation  yields  that  if  we  choose  then  the  original  system  is  transformed 

to  the  system  of  ordinary  differential  equations  for  the  profiles  /,  q  and  h.  The 
free  similarity  exponent  /i  has  to  be  determined  from  a  solution  of  the  obtained 
nonlinear  eigenvalue  problem.  This  is  a  typical  situation  appearing  in  nonlin¬ 
ear  diffusion  problems  where  a  conservation  law  does  not  exist.  The  boundary 
conditions  are  determined  by  the  physical  model:  the  functions  /(<f),  q{0^ 
tend  to  given  positive  limits  as  ^  tends  to  ±oo. 

To  solve  the  problem  we  use  the  existence  of  an  invariant  set  obtained  in 
Theorem  3.1.  For  this  purpose,  we  study  the  equation  for  f  and  show  that 
r  =  (g  —  a) {t  +  to)  is  a  solution  to  the  equation.  As  the  result,  the  system 
admits  a  reduction.  Therefore  we  have  the  following  boundary  value  problem: 

cx 

-f  (1  —  -l-  Ao)h^  =  0,  iVc  =  p  —  cv,  //  =  2(p  —  O')  ’ 

h(-oo)  =  Hd-oo)  =  (4.3) 

where  a±  =  lim^^ioo  e(^,  0),  >  0.  We  prove  the  existence  and  uniqueness 

results  to  (4.2),  (4.3),  expose  in  details  the  qualitative  properties  of  the  .solution. 
As  a  remark  we  note  that  this  solution  is  essentially  different  from  the  well-known 
B a.r enb  1  att  ’ s  solutions. 

Theorem  4.1  Let  k  =  6,6  =  3/(p-7)  (indy=  (3/2)o,  assume  that  p  -  7  >  0. 
Then  there  exists  a  solution  (wl),  (lul),  e„  of  system  (2.1)-(2.3)  which  repre¬ 
sents  the  selfsimilar  description  of  the  shearless  turbulence  mixing  layer. 
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Experimental  and  theoretical  investigations  confirm  the  formation  of  Coher¬ 
ent  Large  Scale  Eddy  Structure  (CS)  in  convective  atmospheric  boundary  layer 
(CABL).  They  contain  the  main  part  of  the  turbulence  energy  and  the  turbulent 
transfer  is  achieved  mainly  by  the  action  of  CS.  Such  non-local  turbulent  trans¬ 
fer  cannot  be  described  within  ’’standard”  turbulent  diffusion  models  of  gradient 
type.  The  turbulent  transport  models  of  third-  and  second-  order  closure  are 
presented  in  the  paper  (Ilyushin  and  Kurbatskii,  1997).  These  models  describe 
the  statistic  structure  of  CABL  adequately  of  the  experimental  data.  In  this 
paper  the  results  of  modeling  of  the  pollutant  turbulent  transfer  in  CABL  are 
presented.  The  approach  based  on  accounting  the  influence  of  the  CS  by  ac¬ 
centuation  of  the  periodic  properties  of  motions,  which  is  analogous  to  VLES  is 
used.  But  in  this  paper  the  accentuation  of  periodic  motions  are  obtained  for 
the  pdf  of  vertical  velocity  field. 

The  pdf  of  turbulent  fluctuations  of  the  vertical  velocity  is  represented  as 
a  superposition  of  two  independent  distributions:  inertial  interval  of  turbulent 
spectrum  (background  turbulence)  Poiu)  and  large- wave  region  of  pdf  spectrum 
Pc{v)  (u  and  v  are  the  vertical  velocity  fluctuations  of  background  turbulence 
and  the  vertical  velocity  field  of  CS,  correspondingly) 


P{u,v)  =  P(,(u)Fc{0  =  5;^  exp 
+  ^  exp  (- 


{-*11^ 

2(^7)^  jJ  ’ 


exp 


2(a  +  )2  J 


+ 


(1) 


where  au  is  the  dispersion  of  background  turbulence;  a'*'  and  a"  are  the  weight 
coefficients,  and  a~  are  the  dispersions,  m'^  and  m~  are  the  centers  of 
distributions  of  upflow  and  downflow  of  CS,  correspondingly.  Considering  the 
total  turbulent  velocity  fluctuation  w  as  the  sum  of  u  and  i/,  one  can  obtain  the 
total  pdf: 

P{w)  =  j'^P{u,v)5(w  -  u  -  v)dudv  =  exp  |  -  }  +  (2) 
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I  w^P{w)dw  —  ^  /  iu'^P{w)diu  =  Swcr^-, 

Jn  Jr 

((7  =  {'upy/'^  is  the  dispersion  and  Su,  =  {w'^) / is  the  skewness  factor) 
the  relations  for  a~,  cr^,  cri,  m,^  and  m~  are  the  following: 

a'^'  +  or  =  /,  +  a'~m~  =  0,  +  ^+] 

(4) 

0,"^  +  a  [(m  +  3m  ai]  =  S^vO’^ ■ 

The  conditions  for  a'^  and  a'i  are  found  from  the  assumption  (Anne  et  ah,  1986) 
that  the  square  of  dispersions  and  a'^  can  be  equal  to  the  square  of  centers 
of  distribution  (ynA)'^  and  (mr)'^  correspondingly: 

a'l  =  ai  =  (5) 

This  assumption  means  that  flux  directed  positively  (negatively)  remains  mainly 
positive  (negative)  taking  into  account  a  possible  scatter.  Necessary  condition 
for  closure  of  the  equations  set  (for  cr;,)  is  found  from  the  wavelet  model  (Tennekes 
and  Luinley,  1972).  We  suppose  here  that  the  main  i)art  of  the  energy-containing 
interval  of  the  fluctuations  spectrum  is  defined  by  a  single  main  wavelet  with  the 
typical  wave  number  corresponding  to  the  spectrum  maximum.  The  horizontal 
size  of  LSES  (A,„ax  =  27r(2a/E)"^/“/e,  a  is  the  Kolmogoroff  coefficient)  and  the 
ratio  {(jII{uP))  arc  determined  from  second-order  moment  distributions  with 
using  of  this  approach.  Equations  (4),  (5)  with  distribution  of  ratio  (y'l/{w'^) 
and  with  accounting  the  condition  for  the  values  place  mP  >  0  and  m~  <  0 
have  exclusive  solution.  The  results  of  reconstruction  of  pdf  using  the  calculated 
distributions  of  the  second-  and  third-order  moments  are  shown  in  Fig.l  for  time 
3  p.m.  It  can  be  seen  that  the  results  of  reconstruction  of  pdf  correspond  to  the 
observed  data:  an  upfiow  within  a  CS  with  larger  turbulent  energy  (cr^)  and 
larger  velocity  (7/7+)  occupy  smaller  region  (of  size  Pc(m'^)  <  Pc{m~))  than  a 
downflow  with  smaller  energy  (a~  <  a^)  and  smaller  velocity  (777“  <  777+).  Such 
a.  structure  of  the  CABL  is  conditioned  by  vertical  asymmetry  of  the  mechanism 
of  turbulent  fluctuations  generation:  in  the  near-ground  layer  an  influx  of  the 
turbulence  energy  is  provided  by  the  mean  velocity  shear  whereas  in  the  upper 
(stably  stratified)  part  of  CABL  turbulent  fluctuations  are  strongly  suppressed  so 
the  dispersion  of  vertical  velocity  fluctuations  in  upflows  appear  to  be  larger  than 
that  in  downflows.  For  horizontally  homogeneous  CABL  the  size  of  horizontal 
region  of  the  LSES  (where  the  vertical  velocity  is  equal  to  w)  is  taken  to  be 
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proportional  to  the  probability  Pc{yj)  :  Pc{'w)dw  =  c?a;/(Amax/2)-  The  vertical 
velocity  field  of  the  coherent  structures  w{x^  z)  can  be  found  from  this  differential 
equation.  The  horizontal  velocity  field  u(x,z)  is  determined  from  the  equation 
of  mass  conservation.  The  result  of  reconstruction  of  the  coherent  structures 
velocity  field  (u,w)  in  the  convective  PBL  is  shown  in  Fig  2.  For  describing 
the  process  of  substance  dispersion  in  the  convective  PBL,  it  is  used  the  model 
which  takes  into  account  directly  an  effect  of  the  substance  transfer  by  LSES 
(in  advection  terms  of  the  equation  for  the  crosswind  integrated  concentration  ) 
is  used.  For  accounting  of  the  substance  turbulent  diffusion  under  the  effect  of 
background  turbulence,  the  ’’standard”  gradient  diffusion  model  is  applied: 


dt 


,,,  .dCy 

+(y+„)_+^_ 


d  r  aCyi 

a 


(6) 


The  results  of  simulation  of  the  pollutant  jet  spreading  from  sources  placed 
both  on  the  CABL  ground  surface  and  in  the  middle  of  the  mixed  layer  are 
presented.  The  averaging  (over  one  period  Aniax/L")  cross  wind  integrated  con¬ 
centration  fields  are  shown  in  Figs. 3,  4.  The  calculated  behavior  of  the  plume 
centerline  with  a  source  situated  both  near  the  ground  and  in  the  middle  of  the 
mixing  layer  corresponds  to  the  Willis  and  Deardorff’s  tank  experiments. 
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1  Introduction 

Two  principal  forcing  mechanisms  determine  turbulence  regime  in  the  atmo¬ 
spheric  convective  boundary  layer  (CBL)  driven  by  buoyant  heat  transfer  from 
the  warm  underhung  surface.  The  main  of  them  is  associated  with  turbulence 
production  by  buoyancy  forces,  and  the  secondary  one  is  the  turbulence  gener¬ 
ation  due  to  the  surface  wind  shears  and  shears  across  the  density  interface  at 
the  CBL  top  (the  elevated  shears).  Density  interface  in  the  atmospheric  CBL  is 
marked  by  sharp  temperature  gradients  and  usually  referred  to  as  the  capping 
inversion  layer  (or  simply  the  capping  inversion).  Interaction  of  the  CBL  with 
the  free  atmosphere  aloft  is  characterized  by  the  entrainment  of  heat  through 
the  capping  inversion  layer  down  into  the  convectively  mixed  core  of  the  CBL. 
The  entrainment,  which  is  the  essential  mechanism  of  the  CBL  deepening,  is 
primarily  caused  by  convective  updrafts  (thermals)  that  rise  from  the  heated 
surface  and  penetrate  into  stably  stratified  fluid  above  the  CBL. 

Experimental  and  model  studies  of  CBL  conducted  during  the  last  several 
decades  were  mainly  focused  on  the  turbulence  structure  and  entrainment  dy¬ 
namics  in  the  case  of  pure  buoyantly  driven  CBL  (the  so-called  shear-free  CBL) 
and  on  the  role  of  surface  wind  shear  in  the  CBL  turbulence  production.  The 
effects  of  elevated  wind  shear  on  the  turbulent  transport  across  the  capping 
inversion  and  on  the  CBL  evolution  have  not  been  sufficiently  studied  so  far. 

In  this  paper  we  show  results  of  numerical  simulation  of  the  CBL  with  sheared 
capping  inversion  and  present  new  wind  tunnel  model  data  on  the  dispersion  in 
the  atmospheric  CBL  with  elevated  shear.  We  also  discuss  a  possible  physical 
mechanism  of  the  directional  effect  of  shear  on  the  turbulent  exchange  at  the 
CBL  top. 
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2  Simulation  Results 

For  the  numerical  part  of  our  study,  a.  modified  version  of  large  eddy  simula¬ 
tion  (LES)  code  by  Nieuwstadt  and  Brost  [3]  has  been  employed.  The  original 
code  was  designed  for  simulating  the  turbulence  regime  of  a  temporally  evolv¬ 
ing,  horizontally  homogeneous  atmospheric  CBL  in  a  rectangular  domain  with 
periodic  lateral  boundary  conditions.  The  code  was  modified  in  order  to  match 
requirements  of  simulating  quasi-stationary,  horizontally  inhomogeneous  CBL. 

As  the  reference  case  for  the  present  stud}^,  the  CBL  with  shear-free  upper 
interface  has  been  used.  This  CBL  case  was  comprehensively  studied  in  the 
stratified  wind  tunnel  of  the  University  of  Karlsruhe  (UniKa).  It  has  been  also 
simulated  numerically,  using  the  aforementioned  LES  code,  and  a  fairly  good 
agreement  has  been  found  between  the  numerical  and  experimental  results.  The 
configuration  of  flow  at  the  tunnel  inlet  in  the  reference  case  is  as  follows:  the 
lower  portion  of  the  flow  with  a  uniform  temperature  is  separated  from  the  stably 
stratified  flow  aloft  by  a  temperature  jump;  above  the  jump,  the  temperature  is 
growing  linearly  with  height;  the  flow  velocity  has  value  1  m/s  everywhere.  The 
bottom  heat  flux  is  kept  constant  over  the  entire  wind  tunnel  floor  area. 

Two  CBL  cases  with  velocity  shears  across  the  capping  inversion  layer  have 
been  investigated.  In  the  case  with  positive  elevated  shear  (PS),  the  flow  velocity 
was  kept  1  m/s  below  the  temperature  jump  (inversion)  and  increased  in  the 
jump-like  way  to  1.5  m/s  above  the  inversion.  In  the  case  of  negative  elevated 
shear  (NS),  the  mean  velocity  was  1  m/s  below  the  inversion  and  reduced  to  0.5 
m/s  above  it.  The  remaining  flow  parameters  in  the  both  test  cases  were  same 
as  in  the  reference  case. 

With  present  operating  ranges  of  the  UniKa  wind  tunnel,  the  NS  case  cannot 
be  reproduced  there.  For  the  PS  case,  the  wind  tunnel  study  of  Fedorovich  and 
Kaiser  [1]  has  shown  that  positive  elevated  shear  obstructs  the  entrainment  and 
vertical  turbulent  transport  across  the  inversion.  As  a  first  guess,  this  effect 
could  be  explained  by  the  so-called  shear  sheltering  of  turbulence  (Hunt  and 
Durbin  [2]).  Our  recent  wind  tunnel  experiments  on  gaseous  tracer  dispersion 
in  the  CBL  with  sheared  inversion  have  provided  additional  evidence  concerning 
suppression  of  the  vertical  diffusion  at  the  CBL  top  in  the  PS  case. 

From  the  comparison  of  concentration  patterns  presented  in  Figure  1  one 
can  see  how  elevated  positive  shear  inhibits  the  diffusion  of  tracer  at  the  CBL 
top  in  addition  to  the  blockage  of  diffusion  by  stable  stratification  inside  the 
inversion  layer.  The  resulting  concentration  values  in  the  upper  portion  of  the 
CBL  with  sheared  capping  inversion  (PS)  are  thus  noticeably  smaller  than  in  the 
CBL  with  shear-free  upper  interface  (RC).  Numerical  simulation  of  the  PS  case 
has  provided  additional  data  on  turbulence  statistics  at  the  CBL  top.  These 
statistics  have  been  found  in  fair  quantitative  agreement  with  their  counterparts 
obtained  in  the  wind  tunnel  model. 

Turbulence  regime  in  the  CBL  with  negative  shear  across  the  inversion  (the 
NS  case)  was  also  investigated  numerically.  This  investigation  yielded  rather 
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Figure  1:  Distribution  of  logarithm  of  normalized  concentration  along  the  CBL 
in  the  RC  and  PS  cases.  The  source  elevation  is  100mm. 


surprising  result.  It  turned  out  that  damping  of  thermals  in  the  inversion  layer 
with  negative  shear  is  weakened  compared  to  the  case  of  the  CBL  with  shear- 
free  inversion  (RC)  and  as  a  result  the  entrainment  and  the  CBL  growth  are 
activated  in  the  NS  case.  In  other  words,  the  effect  of  negative  elevated  shear  on 
the  CBL  evolution  appeared  to  be  opposite  to  that  of  positive  elevated  shear. 

This  opposite  effect  of  positive  and  negative  elevated  shear  on  the  CBL  de¬ 
velopment  is  clearly  seen  in  the  vertical  distribution  of  the  temperature  variance 
presented  in  Figure  2.  In  the  PS  case  (left  plot),  the  maximum  values  of  tem¬ 
perature  variance  observed  at  the  capping  inversion  level  are  shifted  downwards 
with  respect  to  the  corresponding  RC  extrema.  In  the  NS  case  (right  plot),  they 
are  shifted  upwards.  At  the  same  time,  the  magnitudes  of  temperature  variance 
inside  the  inversion  layer  are  not  significantly  altered  in  the  PS  and  NS  cases 
compared  to  the  reference  shear-free  case. 


3  Discussion  and  Conclusions 

The  effect  of  elevated  shear  on  the  turbulent  exchange  across  the  CBL  turned 
out  to  be  dependent  on  the  shear  sign.  We  found  in  particular  that  the  effect 
of  negative  elevated  shear  on  the  CBL  growth  is  opposite  to  that  of  the  posi¬ 
tive  shear.  This  is  not  consistent  with  shear  sheltering  theories  we  know.  Our 
study  suggests  that  with  positive  elevated  shear,  the  thermals  that  penetrate 
into  the  sheared  inversion  are  vertically  squashed  by  the  stable  stratification 
and  stretched  downwind  by  the  higher-momentum  flow  in  the  inversion  layer. 
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Figure  2;  Temperature  variance  profiles  in  the  evolving  CBL  at  three  subsequent 
locations  along  the  simulation  domain  (wind  tunnel  test  section):  x-S.OS  m 
(solid  lines),  .7;=5.63  m  (dashed  lines),  and  .x-7.28  m  (dotted  lines)  for  the  PS 
case  (left  plot,  thin  lines)  and  for  the  NS  case  (right  plot,  thin  lines).  The 
reference  case  (RC)  profiles  at  the  same  locations  are  shown  in  both  plots  by 
heavy  lines. 


This  leads  to  the  localization  of  vertical  motion  within  a  comparatively  shallow 
zone  and,  consequently,  to  the  reduction  of  vertical  turbulent  exchange  across 
the  inversion  layer.  With  negative  elevated  shear,  the  squashed  penetrating  ther¬ 
mals  enc:ounter  a.  lateral  blockage  by  the  lower-momentum  flow  that  brakes  their 
horizontal  transimrt.  Such  l)lockagc  induces  local  pressure  gradients  that  redis¬ 
tribute  energy  from  th('  horizontal  velocity  component  to  the  vertical  one.  The 
enhanced  vertical  motions  intensify  the  turbulent  exchange  across  the  inversion 
and  lead  to  the  faster  CBL  growth. 
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The  upper  part  of  the  ocean  is  subject  to  vigorous  forcing  in  the  form  of 
momentum,  heat,  and  fresh  water  fluxes  through  the  surface.  These  may  lead 
to  horizontal  buoyancy  gradients  which,  after  partially  relaxing  through  the 
radiation  of  Poincare  waves,  attain  hydrostatic  and  geostrophic  balance  with  a 
vertically  sheared  current.  This  velocity  field  may  be  baroclinically  unstable:  the 
finite  amplitude  evolution  triggered  by  the  instability  has  important  effects  on 
the  exchange  of  gases  and  other  properties  between  the  atmosphere  and  the  deep 
ocean  [1].  The  purpose  of  this  work  is  to  investigate  to  what  extent  upper  ocean 
baroclinic  instability  may  produce  turbulence.  Baroclinic  instability  has  been 
linked  to  quasi-geostrophic  turbulence  within  the  framework  of  Phillips  two- 
layer  model  [7,  8],  which  has  horizontal  and  rigid  boundaries.  A  key  element  for 
this  paper,  though,  is  the  influence  of  the  deep  ocean,  which  is  modeled  here  by 
allowing  the  bottom  boundary  to  be  free  (see  figure  1).  The  first  part  of  this 
work  concerns  the  determination  of  saturation  bounds  for  the  perturbation  to 
an  unstable  state.  These  bounds  represent  a  priori  constraints  to  the  ergodicity 
of  the  flow,  i.e.  to  the  generation  of  turbulence  [9,  11,  10,  12].  The  second  part 
deals  with  the  construction  of  consistent  few-component  approximations  (i.e., 
which  conserve  the  integrals  of  motion  of  the  full  system),  on  a  search  of  ergodic 
behavior. 

The  classical  problems  of  Phillips  and  Eady  have  been  extended,  allowing  for 
a  free  boundary  and  finite  amplitude  perturbations,  by  the  models  of  Olascoaga 
&  Ripa  [2]  and  Ripa  [5],  respectively,  denoted  by  V  and  D  in  figure  1.  In  both 
cases,  changes  of  the  state  of  the  system  can  be  described  by  two  fields,  say 
(I±  where  {x,y)  denotes  the  horizontal  position  and  t  is  time.  In  model 

V,  and  cj-  are  the  potential  vorticity  fields  in  two  homogeneous  density  layers, 
whereas  in  model  D,  q+  and  are  proportional  to  density  variations  at  the  top 
and  bottom  boundaries  and  potential  vorticity  is  assumed  uniform.  All  other 
variables,  e.g.  the  streamfunction  '0  or  the  deformation  of  the  free  boundary,  are 
complicated  functionals  of  q±.  Solutions  of  the  model  equations  in  the  channel 
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Figure  2:  Instability  region:  a,  is  the 
Figure  1:  Vertical  structure  of  both  wavenumber  whereas  b  (ly)  measures 
types  of  models.  Left  hand  graphs:  the  competition  between  the  stabiliz- 
classical  models  (rigid  boundaries),  ing  effect  due  to  the  planetary  (topo- 
Right  hand  graphs:  the  top  line  is  the  graphic)  gradient  of  ambient  potential 
ocean  surface  and  the  bottom  bound-  vorticity  -the  so  called  /5  effect-  and  the 
ary,  which  is  free,  represents  the  con-  destabilizing  effect  of  the  vertical  shear, 
nection  with  the  deep  ocean 


G  1,  0  <  y  <  VV}  are  constrained  by  the  conservation  of  energy,  momentum, 
and  a  family  of  Casimirs. 

Both  types  of  systems  have  remarkably  similar  instability  properties  [6].  Let 

=  Q±{y)  -f  Sq±{x,y,t),  where  {Q±{y)  =  Q'±y}  represents  a  basic  state 
without  horizontal  shear  {Q'^  are  constants),  and  the  total  deviation  from  the 
basic  state  is  written  as  Sq±  =  Sq±  (;//,  t)-\~6q'^  (x,  y,  t),  with  6q  the  along-channel 
average  and  Sq'  the  “wave”.  Using  the  integrals  of  motion,  it  follows  that 

Q'j^  +  Q'—  b  jy 

""  Q+  -  Q-  ^  2^ 

is  such  that  if  |A|  >  1  >  0)  the  basic  flow  is  stable,  whereas  if  the  flow  is 

unstable  then  it  must  be  |A|  <  1  (Q'^QL  <  0).  Figure  2  shows  the  locus  of  points 
{jy,  6,  h:)  where  the  perturbation  hamiltonian  is  indefinite  in  any  frame;  this  is  also 
the  region  of  normal-mode  unstable  states  (maximum  growth  rate  is  found  at 
the  center  of  one  of  the  ellipses,  near  (u,  b,  h:)  =  (1,  -1, 0)).  The  projection  of  the 
distorted  cylinder  over  the  (/y,  b)  covers  the  wedge  —2<b<  2  —  2iy  (which  implies 
|A|  <  1);  outside  that  wedge  the  perturbation  hamiltonian  is  positive  definite  in 
some  frame,  which  imi)lies  nonlinear  stability.  Phillips  model  corresponds  to  the 
vanishing  topography  plane  jy  =  0;  in  addition,  Eady’s  classical  problem  neglects 
the  gradient  of  planetary  vorticity  6  =  0. 

A  priori  bounds  on  the  growth  of  both  parts,  Sq'  and  Sq,  of  the  perturbation 
Sq  to  an  unstable  basic  state  (|A|  <  1)  are  found  to  be 
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and  are  illustrated  in  figure  3.  It  is  clear  that  for  slightly  supercritical  basic 
flows,  |A|  =  1  +  0",  the  integrals  of  motion  prevent  the  generation  of  turbulence. 

For  A  =  0,  on  the  other  hand,  the  estimated  bounds  for  ((Sq'^Y  and 


are  the  “trivial”  ones;  this  is  taken  as  synonymous  of  maximum  state 
space  available  for  ergo  die  behavior.  The  condition  A  =  0  corressponds  to  the 
cancellation  of  planetary  and  topographic  restoring  terms,  b  +  =  0,  which 

yields  the  maximum  normal  modes  growth  rate  [4]. 


Least  bound  on  the  wave  Least  bound  on  the  total  perturbation 


Figure  3:  Bounds  for  the  growth  of  the  wavy  part  (aj,  the  mean  flow  variation 
(h),  or  the  whole  perturbation  (b),  in  an  enstrophy  norm.  The  normalization  is 
such  that  a  trivial  bound  equals  one  (a)  or  four  (b),  and  instability  of  the  basic 
flow  requires  |A|  <  1. 

An  important  question  is  how  small  does  |A|  have  to  be  in  order  for  ergodic 
behavior  to  result  from  the  instability.  Approximate  models  (constructed  by 
truncation  of  a  Fourier  series  expansion  of  the  perturbation)  are  found  to  sat¬ 
isfy  the  integral  constraints  of  the  full  system.  The  minimal  (six-component) 
nonlinear  model  is  integrable  (and  thus  non-ergodic)  for  all  A  [3].  The  a  pri¬ 
ori  bounds  for  this  truncated  model  are  those  of  figure  3  multiplied  by  G/tt^ 
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0.61);  the  actual  maximum  perturbations  are  smaller  than  those  predicted 
by  the  bounds,  due  to  the  additional  constraint  of  energy  conservation  (which 
is  different  in  models  D  and  V).  It  is  being  investigated  how  many  components 
have  to  be  added  and  how  small  does  A  have  to  be  in  order  to  realize  ergodic 
behavior. 

This  work  has  been  supported  by  CICESE  core  funding  and  by  CONACyT 
(Mexico)  under  grant  26670-T. 
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1  Motivation  and  formulation 

Nearshore  hydrodynamics  is  highly  turbulent  mainly  due  to  breaking  surface 
waves.  Besides,  water  motion  in  the  nearshore  is  strongly  coupled  to  morpho¬ 
logical  evolution  through  the  sediment  transport  processes.  However,  in  spite 
of  the  complexity  of  coastal  morpho dynamics,  relatively  regular  large  scale  pat¬ 
terns  dominate  quite  often  the  topography  and  the  water  motion.  Rhythmic 
systems  of  transverse  or  oblique  sand  bars  in  the  surf  zone  are  an  example  of 
such  patterns.  The  purpose  of  this  work  is  to  investigate  the  influence  of  the 
wave- driven  turbulence  on  the  physical  mechanisms  that  can  lead  to  the  growth 
of  these  morphological  features. 

The  generating  mecanisms  are  investigated  by  means  of  a  stability  analysis. 
The  governing  equations  are  the  short-wave  averaged  horizontal  two-dimensional 
momentum,  mass  and  sediment  conservation  equations.  A  basic  steady  equilib¬ 
rium  which  is  uniform  along  the  shore  is  assumed.  Then,  the  formation  of 
complex  topography  is  represented  by  the  growth  of  ’’unstable”  perturbations 
on  this  basic  equilibrium.  The  physical  mechanisms  are  related  to  the  coupling 
between  the  topographic  perturbations  and  the  perturbations  on  the  incident 
wave  field  and  the  longshore  current  (for  more  details  see  Falques  et.  al  [2]). 

The  breaking  wave- driven  turbulence  comes  into  the  model  through  the  hor¬ 
izontal  momentum  diffusion,  i/f  According  to  Longuet-Higgins  [3]  a  very  simple 
parametrization  is  assumed,  i/i{x)  =  where  x  is  the  cross-shore  distance 

to  the  coastline,  D  is  the  local  water  depth  and  N  is  the  turbulent  viscosity  pa¬ 
rameter.  This  is  also  in  accordance  with  Battjes  [1]  parameterization  if  the 
appropriated  wave  dissipation  is  chosen.  The  aim  of  the  present  contribution  is 
to  investigate  the  sensitivity  of  the  growth  of  morphological  patterns  to  the  pa¬ 
rameter  N.  This  is  partially  motivated  by  the  large  uncertainty  existing  on  the 
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values  of  this  parameter.  For  instance,  recent  measurements  by  Rodriguez  et. 
al  [4]  show  that  2HD  turbulence  models  give  values  for  the  turbulent  diffusivity 
that  can  easily  be  one  order  of  magnitude  greater  than  experimental  data. 

The  sediment  flux  q  is  assumed  to  be  proportional  to  a  power  in  of  the 
depth-averaged  horizontal  net  flow  with  a  coefficient  a(.r)  that  is  a  wave  stirring 
function.  The  perturbations  in  the  wave  momentum  input  are  included  trough 
the  perturbations  in  water  depth  (since  wave  height  is  assumed  to  be  propor¬ 
tional  to  water  depth  inside  the  surf  zone).  In  contrast  with  earlier  studies,  the 
corresponding  displacement  of  the  breaker  line  is  taken  into  account. 


2  Results 

The  results  of  the  model  are  very  sensitive  to  the  sediment  transport  param¬ 
eterization.  The  basic  assumption  is  that  the  sediment  flux  is  either  linear  or 
cubic;  {rn  =  1,3)  with  the  mean  velocity  field.  The  first  case  is  representative 
of  a  wave  orbital  velocity  much  larger  than  the  mean  current  whereas  the  cubic 
law  fits  better  to  the  opposite  situation. 

In  case  of  a  cubic  sediment  transport  formula  we  obtain  several  unstable 
modes  when  the  wave  incidence  is  oblique  enough  (incidence  angle  greater  than 
10  degrees).  The  influence  of  N  parameter  in  these  modes  is  quite  strong.  Figure 
1  (Left)  shows  the  growth  rate  curve  obtained  for  the  dominant  mode,  with 
three  different  values  of  the  turbulence  parameter  (A^  =  0.01,0.005,0.002)  and 
l)hysically  realistic  values  for  the  other  parameters.  When  N  decreases,  the 
number  of  modes,  their  wavenumbers  and  their  growthrate  increase.  Therefore, 
the  wave-driven  turbulence  has  a  typical  diffusive  effect  on  these  modes.  In 
Figure  1  (Right)  the  topographic  and  current  perturbations  of  the  first  mode 
can  be  seen  in  case  of  =  0.005.  These  patterns  are  very  robbust  under 
changes  of  either  the  turbulence  or  the  other  parameters  and  can  be  recognized 
as  a  system  of  very  oblique  down-current  oriented  bars. 

When  a  linear  sediment  transport  law  is  used  {m  =  1),  a  wave-stirring 
c;oeffic,ient  either  constant  or  increasing  seaward  across  the  surf  zone  can  be 
chosen.  The  latter  case  fits  better  to  the  situation  where  the  incident  wind  wave 
energy  is  dominant  while  the  former  can  be  representative  when  the  significant 
wave  energy  is  due  to  low  frequency  waves.  In  case  of  a  constant  stirring  function, 
the  N  parameter  has  a  small  effect  on  the  growth  curves  (see  Figure  2  Left). 
This  can  be  due  to  the  fact  that  the  perturbed  flow  pattern  associated  to  the 
growth  of  these  bedforms  has  small  gradients  in  comparison  with  the  case  of 
cubic  sediment  transport.  Figure  2  (Right)  shows  the  topographic  and  current 
perturbation  for  N  =  0.005. 

When  the  stirring  function  increases  (quadratically)  from  the  shoreline  up  to 
the  breaker  line,  the  basic  state  is  unstable  only  in  case  of  a  small  wave  incidence 
angle  (0  to  10  degrees).  For  a  nearly  perpendicular  incidence,  the  influence  of 
N  is  not  very  important,  and  it  seems  to  have  a  small  diffusive  effect.  A  typical 
growth  rate  curve  for  three  different  values  of  the  turbulence  parameter  and  the 
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Figure  1:  Left.  Growthrate  curve  of  the  dominant  mode  as  a  function  of  the 
wavenumber  in  case  of  a  cubic  sediment  transport  formula  and  three  different 
values  of  the  turbulence  parameter,  N.  Right.  Topographic  and  current  per¬ 
turbations  of  the  first  mode  in  case  oi  N  =  0.005.  The  y  axis  is  the  coastline 
and  the  longshore  current  goes  from  the  left  to  the  right.  Shoals  are  represented 
in  white  and  pools  in  dark. 


Figure  2:  Left  .  Growthrate  curve  as  a  function  of  the  wavenumber  in  case  of  a 
linear  sediment  transport  formula  and  a  constant  stirring  function  for  three  dif¬ 
ferent  values  of  the  turbulence  parameter,  N.  Right.  Topographic  and  current 
perturbations  in  case  N  =  0.005. 


corresponding  topographic  and  current  perturbations  are  shown  in  Figure  3.  In 
contrast,  for  larger  incidence  angle,  the  turbulence  seems  to  favour  the  growth  of 
the  bedforms.  The  fact  that  the  turbulence  affects  both  the  basic  current  profile 
and  the  instability  may  explain  this  anomalous  behaviour.  Small  N  values  lead 
to  very  sharp  profiles  where  the  current  is  almost  concentrated  inside  the  surf 
zone  (see  Longuet-Higgins  [3])  while  the  shoals  and  pools  of  this  pattern  tend 
to  grow  mainly  on  the  shoaling  zone.  Therefore,  large  values  of  N  are  more 
conducive  to  the  growth  in  this  case.  This  explanation  does  not  hold  for  small 
incidence  angle  because  the  flow  disturbances  in  this  former  case  are  due  directly 
to  the  waves  become  dominant  with  respect  to  the  effects  related  to  the  current. 
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Figure  3:  Left  .  Growthrate  curve  as  a  function  of  the  wavenumber  in  case  of 
a  linear  sediment  transport  formula  and  a  quadratic  stirring  function  for  three 
different  values  of  the  turbulence  parameter,  N,  and  an  small  wave  incidence 
angle.  Right.  Topographic  and  current  perturbations  in  case  N  =  0.005. 


3  Conclusions 

The  wave  driven  turbulence  affects  the  growth  of  large  scale  morphological  pat¬ 
terns  in  the  surf  zone  in  two  ways:  damping  the  instabilities  by  means  of  a 
typical  diffusive  process  or  modifying  the  profile  of  the  longshore  current  itself. 
In  general,  the  increase  in  turbulence  intensity  does  not  affect  dramatically  the 
growth  which  is  never  totally  inhibited  for  realistic  values  of  the  viscosity  param¬ 
eter.  Interestingly,  in  a  rather  specific  situation  an  increase  of  turbulence  may 
result  in  a  larger  growth  due  to  the  smoothing  of  the  longshore  current  profile. 
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1  Introduction 

Oceanic  and  atmospheric  flows  may  be  considered  as  turbulent  motions  under 
the  constraints  of  geometry,  stratification  and  rotation.  At  large  scales  these 
flows  tend  to  be  along  isopycnal  surfaces  due  to  the  combined  effects  of  the  very 
low  aspect  ratio  of  the  flows  (the  motion  is  confined  to  thin  layers  of  fluid)  and 
the  existence  of  stable  density  stratification.  The  effect  of  the  Earth’s  rotation  is 
to  reduce  the  vertical  shear  in  these  almost  planar  flows.  The  combined  effects  of 
these  constraints  are  to  produce  approximately  two-dimensional  turbulent  flows 
at  very  high  Reynolds  numbers  —  so  called  geophysical  turbulence. 

In  a  strictly  two-dimensional  flow  with  weak  dissipation,  energy  input  at  a 
given  scale  is  transferred  to  larger  scales,  because  these  constraints  stop  vortex 
lines  being  stretched  or  twisted.  Physically  this  upscale  energy  transfer  occurs 
by  merging  of  vortices  and  leads  to  the  production  of  coherent  structures  in  the 
flow  that  contain  the  energy  —  the  appearance  of  order  from  chaos  [4].  This 
scenario  is  an  attractive  model  for  geophysical  flows  which  are  known  to  contain 
very  energetic  vortices  -  mesoscale  oceanic  eddies  and  atmospheric  highs  and 
lows.  This  upscale  transfer  of  energy  is  inhibited  at  the  Rossby  deformation 
scale  by  baroclinic  instability  at  larger  scales,  which  accounts  for  the  observed 
size  of  geophysical  vortices. 

The  most  famous  laboratory  analogue  of  these  flows  is  the  annulus  flow, 
pioneered  by  Fultz  and  Hide  in  the  1940s  and  1950s.  Flow  is  driven  in  a  rotating 
annulus  by  differential  heating  of  the  lateral  walls  of  the  annulus,  or  by  internal 
heating  of  the  fluid.  A  horizontal  temperature  gradient  is  established  which 
drives  a  zonal  flow  via  the  ’thermal  wind’  balance.  For  certain  values  of  the 
parameters  this  flow  is  unstable  to  baroclinic  modes  that  feed  on  the  energy 
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in  the  temperature  field.  At  finite  amplitude  the  instabilities  can  lead  to  large 
amplitude  waves  and  vortex  structures. 

Many  features  of  atmospheric  flow  have  been  identified  with  structures  and 
phenomena  observed  in  the  annulus  experiments,  and  understanding  of  atmo¬ 
spheric  dynamics,  in  particular,  has  been  significantly  advanced.  The  exper¬ 
iments  have  provided  new  insights  about  the  dynamics  and  revealed  a  wide 
range  of  nonlinear  behavior  [1]. 


2  Quasi-geostrophic  flows 


Quasi-geostrophic  (QG)  vortices  with  Rossby  numbers  Ro  0.1  are  primarily 
balanced  motions  with  pressure  gradients  matched  by  Coriolis  forces.  This  bal¬ 
ance  manifests  itself  in  the  aspect  ratio  T  of  the  height  H  to  the  vortex  radius  R 
being  such  that  the  Burger  number  B  =  NH/ fR  is  order  unity.  In  the  oceans 
the  buoyancy  frequency  N  ^  10'^  s“^  and  the  Coriolis  parameter  /  10“"^ 

so  that  the  vortices  are  flat  pancake-like  structures  with  F  ^  10“^.  In  almost 
all  laboratory  experiments  f  >  N  and,  consequently,  these  vortices  have  aspect 
ratios  F  >  1;  i.e.  they  are  tall  and  thin. 

In  a  strongly  stratified  fluid  (the  ocean)  dissipation  is  produced  by  horizontal 
vorticity  associated  with  vertical  shear  of  horizontal  velocity  [8].  In  a  rapidly 
rotating  fluid  (the  laboratory)  dissipation  occurs  through  vertical  vorticity  as¬ 
sociated  with  the  horizontal  shear  of  the  horizontal  velocity.  Since  dissipative 
processes  are  impossible  to  represent  exactly,  parameterizations  are  used.  Hence, 
significant  differences  may  occur  between  the  oceans  and  the  laboratory  repre¬ 
sentations.  These  differences  may  affect  the  propagation  and  decay  of  laboratory 
vortices  making  extrapolations  to  oceanic  conditions  invalid. 

In  addition,  both  fission,  produced  by  baroclinic  instability,  and  merging 
of  vortices  are  three-dimensional  processes  and  are  intimately  linked  to  the  as¬ 
pect  ratios  of  the  structures.  The  overlapping  of  two  pancake-like  structures  is 
different  from  the  wrapping  of  two  tall  vortices  about  each  other.  Thus  these 
important  mechanisms  are  susceptible  to  aspect  ratio  changes. 

The  QG  description  of  vortex  motion  is  adequate  for  many  purposes.  In  a 
strongly  stratified  fluid,  N/f  >  1,  vertical  motion  is  inhibited  by  the  stratifica¬ 
tion  and  flow  is  along  isopycnal  surfaces.  In  a  rapidly  rotating  fluid,  N/f  <€.  1, 
vertical  shear  is  inhibited  by  the  Taylor-Proudman  constraint.  Continuity  im¬ 
plies  the  vertical  velocity  is  zero  under  suitable  boundary  conditions,  and  so  in 
many  circumstances  the  flow  is  predominantly  horizontal  in  this  case  also.  Thus 
there  is  good  reason  to  expect  that  oceanic  OG  flows  with  N/f  1  may  be 
modeled  in  the  laboratory  with  N/f  <C  1  systems,  simply  noting  the  change  in 
aspect  ratio  of  the  flows. 
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3  Source-sink  turbulence 

An  alternative  laboratory  realization  of  geophysical  turbulence  is  provided  by 
a  stratified,  rotating  fiuid  forced  by  an  array  of  sources  and  sinks  around  the 
boundary  of  a  tank.  The  sources  and  sinks  are  arranged  so  that  the  flow  is  forced 
horizontally  with  a  minimum  of  vertical  mixing.  Vortices  are  produced  that  are 
dominated  by  their  horizontal  velocity  and  vertical  vorticity.  These  vortices 
interact  with  one  another  to  produce  a  turbulent  flow  in  which  upscale  energy 
transfers  occur,  and  where  the  effect  of  rotation  is  to  produce  vortices  on  the 
deformation  scale  -  see  [2,  7,  3].  This  laboratory  system  provides  a  capability  for 
studying  flows  with  applications  to  the  oceans  and  atmosphere  under  controlled 
conditions,  and  enables  accurate  measurements  of  the  flow  to  be  made,  so  that 
the  underlying  dynamics  can  be  investigated. 


Figure  1:  Regime  diagram  for  source-sink  turbulence  in  a  stratified  annulus. 


Experiments  in  annular  geometry  were  conducted  with  eight  source-sink  pairs 
positioned  at  regular  intervals  around  the  inner  boundary  at  mid-depth.  Three 
regimes  occurred  according  to  the  values  of  Froude  number  Fr  =  UsINd  and 
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R.eynolds  number  B,e  =  UgL/n,  based  on  the  mean  source  velocity  Us-,  the 
source/sink  diameter  d  and  L  the  domain  scale  (Fig.  1).  For  low  Re,  each 
source  produced  a  dipolar  vortex  that  propagated  to  the  outer  boundary  and 
remained  stable.  This  regime,  ’source-jet-vortices’  (SJV),  also  occurred  for  larger 
Re  and  Fr,  with  three-dimensional  turbulence  becoming  increasingly  evident  for 
larger  Fi'.  For  moderate  Re  and  low  Fr,  the  SJV  interacted  to  form  six  gap-scale 
vortices  (GV  regime)  of  alternating  sign  that  remained  in  a  stable  configuration. 
For  moderate  Re  and  moderate  Fr,  an  intermediate  regime,  ’turbulent  vortices’ 
(TVR),  occurred  in  which  GV  were  formed  but  did  not  remain  stable.  The  low 
Re  branch  of  the  SJV  regime!  is  an  essentially  laminar  response,  with  viscosity 
inhibiting  vortex  merger  and  upscale  energy  transfer.  The  large  F r  branch  of 
the  SJV  regime  occurs  when  the  radial  momentum  input  from  the  source  and 
sinks  dominates  the  interior  flow.  The  GV  regime  is  of  particular  interest,  as  it 
indicates  that  the  stratification  can  facilitate  the  organisation  of  an  interior  flow 
that  is  sufficiently  strong  to  overcome  the  constraints  of  the  forcing  geometry. 
The  intermediate  TVR  mode  occurs  as  a  result  of  competition  between  the 
tendency  of  inverse  cascade  to  produce  the  GV  mode,  and  the  tendency  of  the 
forcing  configuration  to  reassert  the  SJV  mode.  The  emergence  of  a  single 
domain-scale  structure  is  considered  to  be  a  specific  example  of  the  GV  mode 
and  inverse-cascade  behaviour. 

Rotating  flows  in  the  annulus  displayed  a  range  of  dynamic  regimes,  including 
many  of  the  modes  observed  in  differentially  heated  annulus  experiments.  The 
four  basics  regimes  were:  zonally-S3'’mmetric  circulation  (ZC),  anticyclonic  gap- 
scale  vortices  (AGV),  azimuthal  wave/vacillation  regimes  (WR),  and  geostrophic 
turbulence  regimes  (GT).  The  regimes  are  best  displayed  on  a  Rossby  number 
Ro  =  Us/fL,  Ekman  number  Ek  =  plot  (Fig.  2).  ZC  occurred  for 

low  Ro.  GT  regimes  were  characterised  by  the  production  of  dipoles  and  oc¬ 
curred  when  Ro  exceeded  a  critical  value  at  low  Ek,  indicating  the  importance 
of  ageostrophic  effects  in  the  dipole  formation  process.  The  interaction  of  dipoles 
in  the  gap  led  to  the  emergence  of  gap-scale  and  azimuthally  organised  struc¬ 
tures.  Although  eddy  scales  were  set  by  the  forcing  parameters,  the  stratification 
played  an  important  role  in  controlling  dissipation  levels,  with  eddies  persisting 
for  longer  timescales  as  N  was  I  increased.  AGV  regimes  occurred  at  large  Ro 
and  are  thought  to  be  similar  to  nonrotating  GV  regimes,  with  symmetry  broken 
by  the  rotation.  WR,  regimes  occurred  only  for  the  largest  value  of  N  used  and 
in  decaying  flows,  at  moderate  R.o  and  Ek,  and  are  thought  to  be  baroclinic  in 
origin. 

4  Conclusions 

These  experiments  reveal  a  rich  dynamical  structure  and  show  a  wide  range 
of  interesting  phenomena.  Examples  include  nonlinear  vortex  interactions  and 
the  development  of  mean  flows,  baroclinic  instability,  basin  scale  flows  devel¬ 
oped  from  localized  forcing  [5],  spin-up  and  spin-down  processes  associated  with 
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Figure  2:  Regime  diagram  for  source-sink  turbulence  in  a  rotating  annulus. 


vortex  growth  and  decay  and  passive  dispersion  in  flows  dominated  by  vortex 
structures.  There  are  also  indications  that  at  low  Re  laminar  flows  under  strong 
stratification  may  form  patterns  linked  to  basin  attractors  [6]  Investigation  of 
these  phenomena  has  given  insight  into  the  dynamical  processes  that  occur  in 
these  constrained  turbulent  flows  and  is  relevant  to  topical  questions  in  oceanog¬ 
raphy.  For  example,  the  research  addresses  questions  concerning  the  basin  re¬ 
sponse  to  variable  forcing  and  processes  associated  with  shelf-basin  transfers  of 
mass  and  momentum. 

These  experiments  provide  a  way  of  studying  dynamics  relevant  to  geophys¬ 
ical  flows.  The  primary  motivation  is  one  of  curiosity  about  the  dynamics  of 
the  flows,  rather  than  any  specific  geophysical  problem.  Further  study  of  these 
experiments  should  result  in  a  substantial  improvement  in  our  understanding 
of  the  large-scale  dynamics  of  the  oceans  and  atmosphere,  and  provide  insights 
into  the  dynamics  of  constrained  turbulent  systems.  This  understanding  is  com¬ 
plementary  to  and  extends  that  obtained  in  annulus  experiments.  In  particular, 
in  the  source-sink  experiments  the  forcing  and  the  stratification  are  set  indepen- 
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clently,  rather  than  being  coupled  as  in  the  annulus.  This  extra  degree  of  freedom 
allows  a  significantly  wider  class  of  flows  to  be  studied.  Also,  since  the  forcing 
geometry  can  be  varied  with  respect  to  the  domain  geometry  it  is  possible  to 
study  the  effects  of  different  basin  geometries  and/or  forcing  arrangements.  This 
is  particularly  relevant  to  oceanographic  prob!  lems  in  enclosed  regions  such  as 
the  Mediterranean. 

It  is,  of  course,  not  possible  to  capture  all  the  relevant  physics  in  a  single 
experiment.  One  major  omission  from  the  present  experiments  is  the  beta  eflFect, 
since  topographic  beta  (often  used  in  experiments  to  represent  the  variation  of 
Coriolis  parameter  with  latitude)  has  limited  effect  in  stratified  flows.  In  this, 
and  other,  regards  the  experiments  must  be  interpreted  with  care;  e.g.  applied 
to  scales  small  compared  to  the  Rhines  scale.  However,  the  experiments  shows 
many  interesting  phenomena  and  provide  a  convenient  environment  for  their 
study. 
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1  Introduction 

It  has  been  pointed  out  that  application  of  LES  to  turbulent  combustion  offers 
little  advantage  over  RANS  because  chemical  reactions  take  place  at  the  small¬ 
est  scales,  which  are  not  resolved  in  LES.  While  it  was  recognized  that  LES  did 
provide  a  better  description  of  large  scale  turbulent  transport,  it  appeared  that 
the  problem  of  reaction  source  closure  would  not  be  any  easier  in  LES.  Recently 
it  has  been  found  that  for  nonpremixed  combustion,  LES  provides  significant  ad¬ 
vantages  over  RANS  when  mixture  fraction  or  flamelet-based  combustion  models 
are  considered.  In  this  case,  flamelets  provide  the  model  for  the  small-scale  flame 
structure,  while  LES,  when  combined  with  the  presumed  subgrid  PDF,  provides 
a  very  accurate  description  of  mixture-fraction  fluctuations.  Furthermore,  re¬ 
cent  work  (Sec.  3,4)  has  produced  flamelet  formulations  specialized  for  LES  that 
have  a  more  local  description  of  flamelet  evolution,  allowing  for  more  accurate 
description  of  phenomena  such  as  local  extinction  and  flame  lift-off.  The  basic 
premise  in  LES  that  the  small  scales  tend  to  be  more  universal  and  are  governed 
mainly  by  the  local  large  scales  appears  to  hold  for  turbulent  combustion. 


2  Governing  Equations 

We  consider  the  variable-density  momentum  and  scalar  transport  equations: 

^  +  V-(puu)  =  -Vp  +  V-[2/i(S-ilV-u)]  ,  (1) 

^  +  V  •  {pnM  =  V  •  (patVM  +  pwk  .  (2) 

where,  S  is  the  strain-rate  tensor,  I  is  the  identity  tensor,  (pu  is  a  set  of  one 
or  more  transported  scalars,  and  au  and  Wk  are  the  molecular  diffusivities  and 
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reaction  sources  of  the  scalars.  One  of  the  scalars  is  usually  taken  to  be  the 
mixture  fraction,  a  conserved  scalar: 

^  +  V  •  (puZ)  =  V  •  (po:V2)  .  (3) 

The  present  work  is  based  on  the  low  Mach  number  approximation  to  the  flow 
equations.  When  combined  with  the  assumption  that  differential  diffusion  is 
negligible  at  the  large  scales  a  separate  energy  equation  is  not  necessary.  Under 
the  present  assumptions  all  combustion  variables  are  known  functions  of  the 
transported  scalars  0^..  In  particular,  the  equation  of  state  may  be  written 

p  =  p((ln-)-  (4) 

The  continuity  equation  acts  as  a  constraint  on  the  velocity  field,  with  the  time- 
derivative  of  density  as  a  source  term: 

V.(pu)  =  -f-  (5) 

This  constraint  is  enforced  by  the  pressure,  in  a  manner  analogous  to  the  en¬ 
forcement  of  the  incompressibility  constraint  for  isothermal  flows. 

Subgrid  momentum  and  scalar  transport  terms  that  appear  from  filtering 
eciuations  (1)  and  (2)  arc  modeled  using  the  dynamic  approach  of  Moin  et  al.[6] 
Another  major  modeling  requirement  is  for  the  nonlinear  density  function  (4). 
Here,  the  presumed  subgrid  pdf  is  used: 

p=  I  p{h)P{Md<j>L  (6) 

For  conserved  scalars  such  as  mixture  fraction,  the  subgrid  pdf  can  be  modeled 
using  the  beta  distribution  [2,  4].  In  this  case,  the  subgrid  mixture  fraction 
variance  is  obtained  dynamically  using  the  method  of  Pierce  and  Moin  [10]. 

3  Flamelet  /  Progress- Variable  Approach 

This  approacli,  developed  by  C.  Pierce  [11],  is  based  on  “quasi-steady”  flamelets 
[8],  in  which  the  local  flame  state  undergoes  unsteady  evolution  through  a  se¬ 
quence  of  stationary  solutions  to  the  flamelet  equations. 

A  single-parameter  flamelet  library  is  first  developed  for  the  given  combustor 
conditions  by  looking  for  stationary  solutions  to  the  one-dimensional  reaction- 
diffusion  equations.  The  unstable  lower  branch  is  included  so  that  the  complete 
range  of  flame  states,  from  completely  extinguished  (mixing  without  reaction) 
to  completely  reacted  (equilibrium  chemistry),  is  represented  in  the  library.  Ar¬ 
bitrarily  complex  chemical  kinetic  mechanisms  as  well  as  diflerential-diflusion 
effects  can  be  included.  The  result  is  a  complete  set  of  flame  states,  given  in 
terms  of  mixture  fraction  and  a  single  flamelet  parameter,  denoted  by  A: 

Vk=Vk{Z,\),  T  =  T(Z,\),  p  =  p{Z,\),  W,  =  1V,{Z,\).  (7) 
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One  of  the  combustion  variables,  or  some  combination  of  the  variables  is  chosen 
to  serve  as  an  overall  reaction  progress  variable.  This  would  be  a  quantity  that  is 
representative  of  the  overall  gross  flame  behavior  and  that  varies  monotonically 
with  the  flame  state  so  that  its  value  uniquely  determines  it. 

Transport  equations  are  solved  for  both  mixture  fraction  and  the  progress 
variable,  generically  denoted  by  C: 

^+V-(piIZ)  =  V-(p5VZ)  ,  (8) 

^  +  V  •  (pile)  =  V  •  (pSVC)  +  pwc  ■  (9) 

The  progress  variable  equation  contains  a  reaction  source  term  that  must  be 
closed.  This  is  accomplished  by  writing 


and  assuming  that 


Wc  = 

j  wc(Z,  X)P{Z,\)dZd\ 

(10) 

P{Z,\) 

=  5{\-Xo)-0{Z;Z,^^)  . 

(11) 

That  is,  each  subgrid  state  is  represented  by  a  single  flamelet  with  mixture- 
fraction  fluctuations  given  by  the  beta  distribution.  This  is  a  reasonable  as¬ 
sumption  in  the  absence  of  further  information  about  the  subgrid  state.  _ 
The  final  step  is  to  relate  Aq  to  the  Altered  value  of  the  progress  variable,  C, 
which  is  known  from  Eq.  9: 

C  =  j  C{Z,\)P{Z,X)dZd\  .  (12) 

After  substitution  of  the  presumed  pdf  and  integrating,  this  yields 

C  =  f{Z,Z^^,Xo)  (13) 

If  C  is  a  monotonic  function  of  A,  then  the  above  relation  can  be  used  to  eliminate 
A  from  the  problem.  The  final  resul^is  a  cjosed  specification  of  the  chemical 
system  in  terms  of  the  two  variables  Z  and  C. 

The  forgoing  process  automatically  creates  a  one-step  reduced  chemical  sys¬ 
tem,  based  on  stationary  flamelet  solutions  obtained  using  detailed  chemical 
kinetics.  In  this  sense,  the  method  is  similar  in  concept  to  the  intrinsic  low¬ 
dimensional  manifold  approach  of  Maas  and  Pope  [5]. 

4  Lagrangian-Type  Flamelet  Model 

This  approach,  under  development  by  Pitsch  [12,  13]  has  already  successfully 
been  applied  in  RANS  calculations  of  turbulent  jet  diffusion  flames  [14,  15].  The 
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model  follows  the  conserved  scalar  approach  with  a  presumed  pdf  of  the  mixture 
fraction  and  uses  the  flamelet  ideas  of  Peters  [8,  9].  Thereby  the  filtered  values 
of  all  reactive  scalars  arc  given  by  an  expression  similar  to  Eq.  (12).  The  mixture 
fraction  pdf  is  presumed  to  be  a  y^-function.  The  functional  dependence  of  the 
reactive  scalars  on  the  mixture  fraction  required  for  the  integration  of  Eq.  (12) 
is  determined  by  the  solution  of  the  unsteady  flamelet  equations. 

The  flamelet  equation  for  the  species  mass  fractions  ¥{  can  be  written  as 


dr 


xd'^yj 

2  dZ'^ 


-  Wi  =  0  , 


(14) 


where  r  is  a  Lagrangian  flamelet  time  and  x  scalar  dissipation  rate. 

In  Eq.  (14)  the  Lewis  numbers  of  all  chemical  species  have  been  assumed  to 
be  unity.  This  assumifilon  is  discussed  in  great  detail  in  Ref.  [15]  and  seems  to 
be  valid  for  the  present  configuration. 

The  consideration  of  the  time  dependence  certainly  adds  some  complexity  to 
the  problem,  but  it  has  been  shown  that  it  is  essential  to  consider  the  unsteadi¬ 
ness,  if  for  instance  radiation  cannot  be  neglected  or  NO  formation  is  considered 
[14], 

Together  with  the  corresponding  energy  equation,  Eq.  (14)  can  readily  be 
solved,  and  the  solution  used  to  provide  the  remaining  unknown  quantities  such 
as  the  density  and  temperature,  provided  the  scalar  dissipation  rate  is  known  as 
a  function  of  the  mixture  fraction  and  the  flamelet  time  r  can  be  related  to  the 
physical  space  coordinates. 

The  basic  idea  of  the  model  is  that  flamelets  are  introduced  at  the  inflow 
boundary  and  move  downstream,  essentially  by  convective  transport.  By  condi¬ 
tionally  averaging  the  scalars  over  planes  of  equal  nozzle  distance,  these  averages 
depend  only  on  the  downstream  direction.  Since  flamelets  are  actually  associ¬ 
ated  with  the  reaction  zone,  which  is  located  in  the  vicinity  of  the  stoichiometric 
mixture,  the  Lagrangian-type  flamelet  time  can  be  related  to  the  axial  nozzle 
distance  x  by 

X 

r  =  I  (u\Z,,y' dx' .  (15) 

b 

For  the  evaluation  of  the  conditional  mean  scalar  dissipation  rate,  which  is 
needed  to  solve  the  flamelet  equations,  a  newly  developed  model  has  been  used 
that  can  account  for  local  phenomena  such  as  the  pilot  flame  and  is  described 
in  Ref.  [13]. 


5  Applications 

The  Flamelet/Progress- Variable  Approach  of  Sec.  3  has  been  used  for  large  eddy 
simulation  of  methane-air  combustion  in  a  coaxial  jet  combustor  (Fig.  1).  The 
configuration  used  corresponds  to  the  experiment  of  Owen  et  al.  [7].  An  in¬ 
stantaneous  snapshot  of  the  mixture  fraction  and  product  mass  fraction  fields  is 
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presented  in  Fig.  2.  The  simulation  correctly  predicts  a  highly  unsteady,  asym¬ 
metric  lifted  flame  as  was  observed  in  the  experiment.  At  the  particular  instant 
shown,  the  flame  in  the  upper  part  of  the  flow  is  lifted  farther  down  stream  than 
the  rest  of  the  flame  due  to  higher  fuel  velocity  and  concentration  emanating 
from  the  upper  part  of  the  fuel  jet.  Earlier  calculations  with  fast  chemistry  [2]  or 
the  steady  flamelet  approach  [3]  were  unsuccessful  in  capturing  the  lifted  flame 
phenomenon.  Predictions  of  radial  profiles  of  mean  mixture  fraction  and  prod¬ 
uct  mass  fraction  (Vp  =  Yco2  +  Fh'2o)  and  their  comparison  with  experimental 
data  are  shown  in  Fig.  3. 


Figure  2:  Instantaneous  snapshot  of  mixture 
fraction  (top)  and  product  mass  fraction  (bot¬ 
tom). 

The  configuration  used  for  validation  of  the  Lagrangian  flamelet  model  of 
Sec.  4  is  a  piloted  methane/air  jet  diffusion  flame  (Sandia  Flame  D).  The  fuel 
is  a  25%  methane,  75%  air  mixture,  which  has  been  diluted  with  air  in  order 
to  minimize  the  formation  of  polycyclic  aromatic  hydrocarbons  and  soot.  The 
fuel  nozzle  is  enclosed  by  a  broad,  slightly  lean  pilot  flame  and  coflowing  air. 
The  Reynolds  number  based  on  the  fuel  stream  is  Re  =  22400.  The  flame  has 
been  experimentally  investigated  by  Barlow  and  Frank  [1,  16],  who  performed 
Rayleigh  measurements  of  temperature,  and  Raman  and  LIF  measurements  to 
obtain  mass  fractions  of  chemical  species  and  the  mixture  fraction. 

Figure  4(a)  shows  that  the  mean  mixture  fraction  is  well  predicted  by  the 
simulation  along  the  centerline  until  xjD  —  60,  after  which  the  experimental 
data  is  slightly  overpredicted.  The  mixture  fraction  rms  (including  both  resolved 
and  sub-grid  contributions)  is  also  given  in  Fig.  4(a).  The  experiment  is  slightly 
underpredicted  in  the  far  field  of  the  jet.  The  underprediction  for  xjD  <  10 
might  be  attributed  to  experimental  uncertainties,  since  the  rms  must  go  to 
zero  close  to  the  nozzle.  This  conclusion  is  supported  by  the  temperature  rms 
in  Fig.  4(b).  Figure  4(a)  also  indicates  the  subgrid-scale  mixture  fraction  rms. 


390 


Parviz  Moin,  Charles  Pierce  and  Heinz  Pitsch 


Figure  3:  Radial  profiles  of  time- average  mixture  fraction  (— )  and  product 

mass  fraction  ( - )  profiles  in  the  coaxial  jet  combustor  and  comparison  with 

experimental  data  [7]  (symbols)  at  several  axial  locations,  x/R. 


which  is  observed  to  be  much  smaller  than  the  total  rms,  indicating  that  the 
major  part  of  the  turbulent  mixture-fraction  fluctuations  is  resolved  by  the  LES. 

The  calculated  mean  and  rms  temperature  along  the  centerline  are  shown  in 
Fig.  4(b).  Both  agree  well  with  the  experimental  data.  Even  the  decrease  in  the 
temperature  rms  in  the  vicinity  of  the  peak  temperature  is  well  represented  by 
the  simulation.  It  is  interesting  to  note  that  this  is  not  caused  by  heat  release, 
but  is  simply  due  to  the  vanishing  temperature  gradient  with  respect  to  mixture 
fraction. 

The  slight  overprediction  in  mean  temperature  up  to  x/D  —  40  has  been 
found  to  be  caused  by  a  partially  premixed  heat  release  and  will  be  discussed 
below.  The  effect  is  also  apparent  in  the  experiments,  but  occurs  in  the  calcula¬ 
tions  much  closer  to  the  nozzle. 

The  remaining  figures  show  centerline  profiles  for  species  mass  fractions  of 
CO2  and  CO  (Fig.  4(c)),  and  NO  and  OH  (Fig.  4(d)).  In  general  all  profiles 
agree  well  with  the  experimental  data.  Small  discrepancies  beyond  x/D  >  60 
can  mainly  be  attributed  to  the  overprediction  of  the  mixture  fraction.  In  the 
rich  part  of  the  flame  {x/D  <  40)  CO2  and  CO  are  overpredicted.  This  can 
also  be  attributed  to  the  partial  premixing  of  the  fuel  with  air,  which  causes 
substantial  chemical  reactions  to  occur  in  the  rich  premixed  part  of  the  jet.  The 
OH  radical  mass  fraction  shown  in  Fig.  4(d)  is  predicted  very  accurately,  and 
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the  agreement  of  predicted  and  measured  NO  mass  fractions  can  be  considered 
to  be  very  good.  The  analysis  of  the  formation  of  nitric  oxide  shows  that  only 
approximately  one  third  of  the  total  NO  is  formed  by  the  thermal  path  and  that 
the  N2O  path  contributes  approximately  10  %.  The  formation  of  NO  in  this  case 
is  therefore  dominated  by  the  prompt  path. 


Figure  4:  Comparison  of  calculated  and  experimental  data  along  the  centerline 
(Lines:  Calculation,  Symbols:  Experiments). 

This  work  has  been  supported  by  the  Center  for  Turbulence  Research,  the 
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1  Introduction 


The  flow  in  a  laminar  boundary  layer  is  governed  by  a  single  length  scale  and 
full  similarity  solutions  to  the  boundary  layer  equations  can  be  obtained.  The 
case  of  the  turbulent  boundary  layer  flow  is  quite  the  opposite  with  a  large  span 
in  both  velocity  and  length  scales.  One  can  identify  two  layers  with  different 
dynamics,  the  inner  layer  where  the  dynamics  are  strongly  influenced  by  viscous 
stresses  and  an  outer  layer  mainly  governed  by  inertial  forces.  The  velocity  and 
the  length  scales  for  the  inner  layer  can  be  defined  from  the  shear  stress  at  the 
wall,  ul  =  Ty,! p  and  t  =  vjur,  and  for  the  outer  layer  as  the  freestream  velocity 
Uoo  and  the  thickness  of  the  boundary  layer  J.  At  high  Reynolds  numbers  the 
ratio  of  the  two  lengthscales  is  large  and  we  have  two  distinct  layers.  These  meet 
in  an  overlap  region  where  the  dynamics  is  essentially  independent  of  lengthscale 
(an  inertial  sublayer  behavior).  Full  similarity  solutions  can  be  sought  for  the 
inner  and  outer  layers  independently.  The  inner  layer  was  treated  by  Prandtl  [6] 
obtaining  solutions  of  the  form 

(1) 


where  =  V  jur  and  =  yurjv.  The  scaling  in  the  inner  layer  has  since  then 
been  verified  in  numerous  experiments.  For  the  outer  layer  several  competing 
hypotheses  for  the  form  exist.  The  classical  form  is  given  by 


Uoo  ^  oo 


(2) 


where  p  =  y/S,  see  e.g.  Osterlund  [4],  ch.  2.  For  the  most  recent  alternative 
theories  the  readers  are  referred  to  the  works  of  George  [2]  and  Barenblatt  [1] 
and  Zagarola  [7]. 
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Millikan  [3]  olitaincd  the  classical  logarithmic  scaling  in  the  overlap  region, 
by  matching  the  inner  and  outer  layer  descriptions  Eq.  1  and  Eq.  2,  here  given 
in  inner  scaling 

i  In?/’*"  +  B.  (3) 

K 

George  [2]  and  Barenblatt  [1]  use  a  different  approach  and  arrive  at  a.  Reynolds 
number  dependent  power-law  description  of  the  overlap  region  although  with 
some  differences  between  the  two. 

We  will  here  try  to  identify  purely  from  experimental  data,  which  of  the 
hypothesis  that  gives  the  “best”  description. 


2  Selection  criteria 


We  will  test  the  following  hypotheses:  a)  Re  independent  log-law,  b)  Re  depen¬ 
dent  log-law,  c)  Re  independent  power-law  and  d)  Re  independent  power-law. 
There  are  many  aspects  one  could  look  at  in  the  different  approches  but  the 
key  point  of  interest  must  be  whether  we  can  identify  any  significant  regions 
with  log-  or  power-law  functional  behaviour,  Reynolds  number  dependent  or 
not.  This  can  be  done  in  many  ways  and  the  first  idea  that  may  spring  to  mind 
might  be  to  make  lin-log  and  log-log  diagrams  of  the  mean  velocity.  It  turns  out 
to  be  a  rather  insensitive  test  (see  Osterlund  et.  al  [5]).  Instead  we  proceed  to 
look  at  a  normalized  gradient  of  the  mean  velocity.  We  define 


(4) 


that  will  be  constant  in  a  region  governed  by  a  log-law,  and 

y^d^ 

iJ+  dy+ 


(5) 


that  will  be  constant  in  a  region  governed  by  a  power-law. 

To  be  able  to  identify  any  Reynolds  number  dependence  we  will  look  at  Eq.  4 
and  Eq.  5  evaluated  for  individual  measurements  of  the  mean  velocity  at  different 
Reynolds  numbers.  One  should  keep  in  mind  that  the  scatter  necessarily  will  be 
quite  large  when  taking  the  derivative  of  measurement  data. 


3  Results 

The  measurements  were  carried  out  at  the  MTL  wind-tunnel  at  the  department 
of  mechanics  at  KTH  and  are  described  in  Osterlund  [4].  The  data  base  for 
the  mean  velocity  consists  of  70  mean  velocity  profiles  taken  in  the  Reynolds 
number  range  2500  <  Rcq  <  27300.  The  data  are  available  on  the  internet  at: 
http :  /  /  WWW .  mech  .kth.se/~jens/zpg/. 
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Here  we  will  show  a  subset  of  the  data  to  make  the  figures  more  readable. 
In  figure  1  the  gradient  of  the  mean  velocity  is  normalized  according  to  4  to 
identify  regions  with  log-law  behavior.  Above  200  the  ensamble  of  curves 
flattens  out  around  the  constant  value  0.38  (performing  the  same  evaluation 
instead  in  outer  scaling  one  finds  the  the  outer  limit  of  the  overlap  at  rj  ^  0.15), 
see  Osterlund  et.  al  [5]. 

In  figure  2  profiles  of  the  mean  velocity  gradient  normalized  to  identify  regions 
governed  by  a  power-law,  are  shown.  From  comparisons  of  figures  1  and  2  one 
can  conclude  that  mean  velocity  profiles  closely  adhere  to  a  log-law  with  von 
Karman’s  constant  k,  =  0.38.  One  can  also  conclude  that  no  significant  region 
with  power-law  behaviour  exists  since  the  function  F  decreases  with  increasing 
?/+  in  figure  2,  for  all  Reynolds  numbers. 


Figure  1:  The  gradient  of  the  mean  ve¬ 
locity  normilized  to  reveal  a  log-law  be¬ 
haviour.  T)  <  0.15.  Ree:  *:  9600, 
o:  14200,  -k:20560,  o:26600,  x:27300. 
Dashed  line:  log-law,  k  =  0.38. 


Figure  2:  The  gradient  of  the  mean  ve¬ 
locity  normilized  to  reveal  a  power-law 
behaviour,  p  <  0.15.  Ree:  *:  9600, 
o:  14200,  +:20560,  o:26600,  x:27300. 
Dashed  line:  log-law,  ac  =  0.38  and 
J5  =  4.1. 


4  Conclusions 

•  The  mean  velocity  profiles  are  best  described  by  the  log-law  in  the  region 
200  <  y'^  <  0.15(5+.  Hence,  a  universal  overlap  region  can  only  be  expected 
to  be  found  for  Reo  larger  than  about  6000. 

•  No  significant  Reynolds  number  effects  were  found  for  sufficiently  high 
Reynolds  numbers,  yielding  the  constants  k  =  0.38  and  H  =  4.1  of  the 
log-law,  Eq.  3. 
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1  Introduction 

Distinct  features  of  the  near-wall  turbulence  structures  have  been  elucidated 
from  visualizations,  measurements  and  direct  numerical  simulations  (DNS)  in 
a  large  number  of  papers,  see  e.g.  [6].  Among  these  features  we  may  mention 
a  strong  intermittency  of  turbulence  production  related  to  near-wall  streak  dy¬ 
namics.  Kline  et  al[6]  showed  that  a  significant  part  of  the  turbulence  could  be 
described  in  terms  of  deterministic  events.  In  close  proximity  of  the  wall  the  flow 
is  characterized  by  alternating  low  and  high  speed  streamwise  streaks  separated 
in  the  spanwise  direction  a  distance  A+/2  ^  50.  The  low-speed  streaks  start 
to  oscillate  and  suddenly  they  break  up  into  “bursts”.  Kim  et  al.  [4]  showed 
that  the  intermittent  bursting  process  is  closely  related  to  shear-layer  like  flow 
structures  in  the  buffer  region,  and  also  that  roughly  70%  of  the  total  turbulence 
production  was  associated  with  the  bursting  process.  Furthermore,  it  has  been 
found  that  there  are  two  distinct  types  of  turbulence  production,  ejection  and 
sweeps.  Ejection  is  characterized  by  a  rapid  outflow  of  low  speed  fluid  from  the 
wall  region  and  sweeps  are  characterized  by  large  scale  motions  from  the  outer 
region  penetrating  into  the  wall  region. 


2  Measurement  technique 

The  present  measurements  were  made  on  a  flat  plate  with  zero  pressure  gradient 
in  the  MTL  wind-tunnel  at  KTH,  Stockholm.  The  flow  quality  in  the  wind- 
tunnel  is  very  good  with  e.g.  a  streamwise  turbulence  intensity  <  0.02%  and 
a  friction  velocity,  Ur,  variation  in  the  spanwise  direction  <  ±0.7%.  The  test 
section  is  7  m  long  and  the  cross  section  is  1.2  x  0.8  m"^.  The  Reynolds  number 
span  in  these  measurements  is  2530  <  Reo  <  27300.  Two-point  correlation 
measurements  were  made  using  a  single-wire  and  a  wall  shear-stress  sensor  with 
an  array  of  25  hot-films.  The  single-wire  can  be  traversed  in  the  streamwise 
and  wall  normal  directions  and  by  selecting  any  of  the  hot-films  the  spanwise 
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separation  can  be  varied  in  steps  of  300  iim.  The  wall  shear-stress  sensor  is 
developed  by  the  MEMS  group  at  UCLA/Caltec  [3]. 


Figure  1:  Spanwise  correlation  coef¬ 
ficient  RTu,ru,  vs.  Rcr  =  2300. 
Symbols  see  table.  DNS  of  channel 
flow,  at  2/+  =  5,  — :  Rcj  ~  590, 
-  •  — :  Rcr  =  395,  •  •  •:  Ror  —  180. 


Figure  2:  Propagation  velocity 
•.  — :  log-law,  K.  ~  0.38  and  B  = 
4.1.  -  •  linear  profile.  — :  mean 
velocity  profile.  Ree  =  9500. 


symbol  0  V  <  o  □ 

~/+  unfiltered  1.3  x  10"^  2.6  x  10“^  5.3  x  IQ-^  7.9  x  10-“ 


3  Results 


The  mean  spanwise  separation  between  low-speed  and  high-speed  streaks,  usu¬ 
ally  called  streak  spacing,  was  investigated  using  the  MEMS  hot-film.  This  al¬ 
lowed  for  correlation  measurements  with  17  different  spanwise  separations  which 
translates  in  wall  units  to  a  separation  of  0  <  Az^  <  210.  The  Reynolds  number 
was  Reo  =  9500.  The  spanwise  cross  correlation  coefficient  is  defined  as 


+  Az) 


T 


,2 

w 


(1) 


where  the  prime  denotes  r.m.s  value.  In  figure  1  the  results  from  this  calculation 
are  represented  as  O.  At  this  high  Reynolds  number  no  clear  minimum  in 
the  correlation  coefficient  function  can  be  seen.  At  lower  Reynolds  numbers, 
however,  there  is  a  clear  minimum  in  this  curve  as  is  shown  for  the  DNS  data, 
of  [5]  and  [7],  in  figure  1.  The  reason  for  the  minimum  to  be  less  clear  with 
increasing  Reynolds  number  is  that  low  frequency  structures,  originating  in  the 
outer  region,  become  increasingly  dominant.  In  an  attempt  to  exclude  them  a 
high  pass  filter  was  applied  to  the  data  before  calculating  the  cross  correlation 
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coefficient.  Now  a  clear  minimum  appears  at  a  spanwise  separation  of  A+  110, 
which  is  similar  to  that  for  the  cases  with  lower  Reynolds  numbers,  see  figure  1. 

The  wall  normal  space-time  correlation  of  the  wall  shear  stress  and  the 
streamwise  velocity  was  measured.  It  is  defined  as 


Rr^u{^x,Ay,At)  = 


rtuix,y,t)u{x  -P  Ax,ij  +  Ay,t-b  At) 
t!^u' 


(2) 


The  time-shift  of  the  correlation  coefficient  peaks  become  increasingly  negative 
with  increasing  wall  distance.  This  indicates  a  forward  leaning  structure.  The 
propagation  velocity,  is  constant,  with  a  value  of  about  13,  for  wall 

distances  y'^  <  30.  Further  out  it  is  close  to  the  local  mean  velocity,  see  figure  2, 
meaning  that  the  structures  here  arc  stretched  by  the  mean  shear. 

Shear-layer  events  were  detected  using  the  VITA  technique.  By  forming  the 
short-time  variance  of  u, 

1  ..  (l 

var{xi,t,T)  =  —  ^  —  J  u{s)dsj  .  (3) 


shear-layer  events  can  be  detected  through  a  function  which  is  1  if  var  >  kiF 
where  k  is  a  threshold  level  and  0  otherwise.  A  chosen  quantity  to  be  studied, 
Q,  is  then  conditionally  averaged  over  all  detected  events  through 


(4) 


where  N  is  the  total  number  of  detected  events  and  r  is  the  time  relative  to 
the  detection  time  tj .  Shear-layer  type  of  events  are  also  associated  with  a  pos¬ 
itive  at  the  detection  time.  These  events  dominate  over  those  with  negative 
Figure  3  (top)  shows  conditional  average  of  shear-layer  type  of  events 
detected  at  y'^  =  15. 

To  determine  the  governing  time  scale  for  the  shear-layer  dynamics  in  the 
near- wall  region  the  frequency  of  occurrence  of  VITA  events  was  plotted  against 
the  averaging  time  window  size  for  different  Reynolds  numbers.  Earlier  Rao  et 
al.  [8]  found  the  best  collapse  for  outer  scaling  while  Blackwelder  and  Haritoni- 
dis  [2]  found  the  inner  scaling  to  be  the  best.  In  the  case  of  turbulent  channel  flow 
Alfredsson  and  Johansson  [1]  found  the  mixture  of  inner  and  outer  timescales, 
bn  =  \/M^,  to  give  the  best  collapse.  For  the  shortest  averaging  windows  for 
the  two  highest  Reynolds  numbers,  (o,-h)  there  are  non-negligible  effects  of  finite 
probe  size.  Disregarding  these  data  one  finds  that  the  mixed  scaling  also  here 
seems  to  give  the  best  collapse. 


4  Conclusions 

The  near- wall  streamwise  low-speed  streaks  exist  also  for  high  Reynolds  num¬ 
bers  but  partially  hidden  in  an  environment  where  large  scale  motions  give  a 
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Figure  3:  Conditional  average  of  u 
for  events  with  positive  slope  (top) 
and  negative  slope  (bottom).  T+  = 
10,  k  =  1.0  and  Rcq  =  9700 


Figure  4:  Frequency  of  occur¬ 
rence  of  VITA  events  (k=l)  vs. 
the  averaging  time.  =  15, 

6700  <  Reo  <  15200 


significant  contribution  to  the  two-point  correlation.  By  applying  a  proper  filter 
the  streaks  are  revealed.  The  mixed  scaling  seems  to  be  the  most  appropriate 
for  the  frequency  of  occurrence  of  VITA  events  also  in  boundary  layer  flow. 
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1  Introduction 

Understanding  of  the  structure  of  wall  turbulence  is  the  basis  of  flow  control 
such  as  to  reduce  wall  friction.  Numerical  simulations  of  turbulent  flows  un¬ 
der  various  novel  conditions  which  are  not  realized  in  the  experiments  have 
given  us  informations  of  substantial  importance  in  this  regard.  Today,  behavior 
of  the  near- wall  turbulence  up  to  around  60  in  wall  unit  from  the  wall  where 
quasi-streamwsie  vortices  play  dominant  role  has  been  almost  fully  understood. 
Remarkable  feature  of  the  turbulence  in  this  layer  is  that  it  is  autonomous  and 
is  little  influenced  by  that  of  the  top  of  the  layer[l][2].  Meanwhile,  the  behaviour 
and  the  structure  of  turbulence  in  the  layer  further  away  from  the  wall  is  little 
understood,  despite  that  they  are  as  much  important  as  those  in  the  near- wall 
layer.  Its  time-mean  distribution,  however,  is  known  to  be  independent  on  the 
property  of  wall  condition,  such  as  whether  the  wall  is  rough  or  smooth[3]  and 
the  magnitude  of  wall  shear  stress  is  the  unique  para.meter  governing  the  flow  dis¬ 
tribution.  In  this  sense,  the  layer  away  from  the  wall  is  regarded  as  autonomous 
independent  on  lower  layer.  It  is  intended  in  this  work  to  extract  outstanding 
turbulence  property  in  the  layer  away  from  the  wall,  specifically,  in  logarith¬ 
mic  layer  and  to  get  new  insight  into  the  background  of  this  small  interaction 
between  the  la3''ers  manifesting  itself  in  the  time-mean  distribution,  by  direct 
numerical  simulations  (DNS)  of  channel  flows. 

2  Flow  in  logarithmic  layer 

2.1  Direct  numerical  simulation 

Most  of  the  discussions  of  near-wall  turbulence  until  now  are  based  on  channel 
flows  of  low  Reynolds  number  flows  such  as  Rsr  =  UtHIi'  ~  150  ~  180  where 
Ur,H^iy  are  friction  velocity,  half  width  of  the  channel  and  kinematic  viscos- 
it}',  respectively,  and/or  of  minimum  channel  flow  data.  Present  authors  found 
that  developed  logarithmic  layer  has  a  remarkable  property  that  the  parame¬ 
ter  a  =  -u'v' Ik,  the  ratio  of  turbulent  shear  stress  to  turbulent  kinetic  energy, 
where  u',v'  are  fluctuating  velocity  components  in  streamwise  and  wall-normal 
direction,  stays  constant  across  the  layer [3].  Turbulent  flows  having  this  layer  are 
realized  in  high  Reynolds  number  flows  and  in  the  flow  on  a  rough  wall.  Direct 
numerical  simulations(DNS)  of  high  Reynolds  number  flows  have  been  seriously 
limited  by  computer  capacity.  So,  in  this  work,  a  DNS  of  high  accuracy  of  a 
channel  flow  of  Reynolds  number  B,er  =  395  is  conducted. 
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Figure  1:  Spanwisc  correlation 
factor  of  streamwise  fluctuating 
velocity 


Figure  2:  Plan  view  of  coherent  vortices 

(g+  >  0.01) 


2.2  Large-scale  streaks 

Str(^aks  of  high  and  low  streamwise  velocity  generated  by  quasi-streaniwise  vor¬ 
tices  are  notahle  feature  of  buffer  layer.  Meanwhile,  developed  logarithmic  layer 
of  high  Reynolds  number  exhibits  a  remarkable  feature  that  large-scale  streaks 
of  different  nature  from  that  in  the  buffer  layer  and  of  mean  separation  of  the 
order  of  channel  half  width  are  formed.  These  large-scale  streaks  are  observed 
in  a  picture  of  instantaneous  flow  field  obtained  by  simulation  and  are  confirmed 
by  large  negative  value  of  spanwise  correlation  factor  of  streamwise  fluctuating 
velocity  B.uu(z)  aj^pearing  at  large  spanwise  separation,  as  well,  as  shown  in 
Fig.l  which  is  for  a  channel  flow  of  B.Cr  =  395.  The  plan  view  seen  from  the 
central  plane  of  a  channel,  of  vortices  visualized  by  threshold  value  Q+  =  0.01 
where  is  the  second  invariant  of  the  velocity  gradient  tensor  A  =  dvj/dxj 
normalized  by  is  shown  in  Fig. 2.  It  is  found  that  low  speed  streaks  are 

related  to  the  densely  populated  region  of  small-scale  vortices.  Experimental 
evidences  is  also  available  in  a.  report  by  Comte-Bellot[4],  though  she  did  not  give 
any  comment  on  it.  Large-scale  streaks  are  also  observed  in  a  rough-wall  layer 
of  smaller  Reynolds  numl)er  flow,  as  roughness  makes  equivalently  the  Reynolds 
number  larger [3]. 

In  order  to  measure  more  in  detail  the  difference  of  turbulence  property  in 
high  and  low  streaks,  time-mean  value  of  turbulence  in  a  plane  parallel  to  the 
wall  is  taken  separately  in  low  (n/  <  0)  and  high-speed  {ik  >  0)  area.  Figures 
3  show  examples  of  the  wall-normal  distribution,  i.e.,  (a)  turbulent  shear  stress 
-u'v' ,  (b)  where  Q'}:,ns  root  mean  square  of  fluctuating  component 

of  Q'^.  It  is  found  that  difference  of  mean  velocity  between  each  area  attains 
=  3.0  ~  5.0  which  is  even  larger  than  in  typical  streaks  in  the  buffer  layer. 
In  the  low  speed  area,  turbulent  shear  stress  is  higher  than  in  the  high-speed  area 
as  demonstrated  in  Fig. 3 (a),  which  is  indicative  of  the  fact  that  turbulent  mixing 
is  stronger  in  the  former.  The  difference  in  shown  in  Fig. 3(b)  confirms  the 
above  observation  that  vortices  arc  more  densely  populated  in  low-speed  area 
than  in  the  other.  Accordingly,  turbulent  kinetic  energy  and  its  production  rate 
as  well,  is  larger  in  low  speed  area. 
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Figure  3:  Wall  normal  distribution  Figure  4:  Time  evolution  of  the  seed 
of  turbulence  property  in  high  or  extracted  by  LSE,  (a)T’''  =  0, 
low  speed  region,  {a)u'v'  (b)T+  =  269,  (c)r+  =  537 


2.3  Simulation  of  formation  of  large-scale  streaks 

Simulation  of  evolution  of  a  seed  of  a  small  vortex  pair  extracted  from  ordi¬ 
nary  simulation  by  LSE[5],  i.e.,  and  is  submerged  in  a  shear  layer  near  the  wall 
which  is  laminar  but  has  wall-normal  velocity  distribution  of  turbulent  flow  has 
been  shown  to  be  useful  to  investigate  growth  of  hairpin  vortices  in  near-wall 
turbulence[6].  In  order  to  get  an  idea  how  the  large-scale  streaks  are  formed, 
this  technique  is  applied.  The  initial  flow  containing  a  seed  of  a  vortex  pair  is 
that  corresponding  to  that  of  strong  downwash  of  an  initially  laminar  channel 
flow  of  Rcr  =  395. 

Evolutions  from  two  different  initial  location  of  seed  of  a  hair-pin  vortex  , 
i.e.,  center  of  the  vortex  at  height  from  the  wall  at  50  in  the  first  and  200, 
in  the  second,  show  no  substantial  difference.  Figures  4(a)  thru  (c)  show  the 
development  of  the  vortical  system  from  an  initial  vortex  pair  for  the  case  of 
y:^  =  200,  for  different  time  of  T'+  =  0,  269,  537  from  the  initial  instant.  In  the 
figures,  vortices  are  visualized  by  iso-surface  of  =  0.001  and  the  shaded  area 
is  low  speed  area  of  AU/ur  <  -2.0.  In  the  initial  stage  of  the  development 
of  a  vortex  pair,  legs  grow  quickly  and  subsidial  quasi-streamwise  vortices  are 
formed.  As  the  time  marches,  heads  of  secondary,  tertial,  etc.  hair-pin  vortices 


406 


y.  Miyake,  K.  Tsiijimoto,  N.  Sato  and  Y.  Suzuki 


arc  generated  and  grow  more  and  more.  The  upper  laj^er  farther  away  from 
the  wall  is  being  occupied  by  entangled  fine  vortices  at  =  537  which  looks 
like  resulting  from  the  collapse  of  ordered  structure  of  head  of  hair-pin  vortices. 
In  the  case  of  lower  Reynolds  number,  this  collapse  is  not  observed.  To  be 
noted  is  that  low  speed  streaks  arc  formed  surounding  vortices  populated  area. 
That  is,  as  found  above,  low-speed  streaks  include  many  entangled  fine  scale 
vortices  which  is  generated  by  a  sort  of  instability  in  the  layer  away  from  the 
wall,  basically  independent  on  the  vortices  in  the  layer  very  close  to  the  wall. 

To  confirm  this  independency,  a  simulation  same  as  above  except  for  the 
condition  that  anisotropic  viscosity,  larger  in  the  spanwise  direction  than  in 
other  up  to  =  70  otherwise  kept  isotropic,  is  performed.  This  artificial 
condition  supresses  the  growth  of  legs  of  lower  layer.  Visualized  pictures  give 
little  difference  as  above-mentioned  one,  as  for  the  development  of  the  upper 
layer  vortical  structure,  though  not  shown  here.  It  is  evident  that  the  formation 
process  of  low  speed-streaks  is  little  affected  by  the  lower  layer. 

3  Conclusions 

•  A  large-scale  streaks  of  large  spanwise  separation  appear  in  the  layer  away 
from  the  wall,  specifically  in  the  logarithmic  layer. 

•  Low  speed  streaks  contains  large  number  of  entangled  fine-scale  vortices 
and  as  the  consequence,  turbulent  mixing  is  stronger  and  higher  turbulent 
shear  stress  is  generated  than  in  the  other. 

•  Simulations  of  the  development  of  a  hair-pin  vortex  in  a  laminar  but  turbu¬ 
lent  velocity  distribution  reveal  that  the  large-scale  streaks  are  formed  in 
the  upper  layer  little  influenced  by  quasi-streamwise  vortices  in  the  lower 
layer. 
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1  Introduction 

The  importance  of  vorticity  stretching  {uj-iUJjSij)  in  turbulent  flow  has  long  been 
recognised.  More  recently  Tsinober  [1]  has  emphasised  the  term  SijSjk.Ski  which 
appears  as  a  source  term  in  the  transport  of  strain  rate  magnitude  =  SijSij. 
Although  related  in  the  mean  by  a  constant  of  proportionality,  the  instantaneous 
connections  between  this  term  and  the  vortex  stretching  term  are  not  trivial 
and  contain  much  of  the  geometric  complexity  of  turbulence,  as  reflected  in  the 
invariants  of  the  velocity  gradient  tensor.  The  strain  rate  magnitude  is  related  to 
the  dissipation  via  a  constant  of  proportionality,  so  source  terms  in  this  equation 
can  be  thought  of  as  increasing  dissipation  and  vice  versa.  Previous  work  has 
focused  on  isotropic  turbulence.  Here  we  extend  the  statistical  description  to 
channel  flow,  using  data  from  a  direct  numerical  simulation  at  Rj  —  180  [2].  The 
simulation  uses  a  computational  box  of  size  3.25  (streamwise)  and  1.5  (spanwise) 
with  lengths  normalised  by  the  channel  half  width.  The  simulation  used  a  fully 
spectral  method  with  32  x  32  x  81  points.  Box  size  and  resolution  were  chosen 
to  be  small  (but  not  minimal)  so  as  to  reproduce  the  mean  flow  and  turbulence 
statistics  of  [3]. 

All  terms  in  the  transport  equations  for  kinetic  energy,  enstrophy  and  strain 
rate  magnitude  have  been  computed  for  turbulent  flow  in  the  channel.  The 
transport  equations  for  channel  flow  are  respectively: 

~  -  {■UiUj'jSij  -  (1) 

—  ~  {uiUJjSij)  {uJiLOj)Sij  +  {uJiSij)rij  — 

~  —  (sijSjkSki)  — 
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Figure  1:  Budgetfi  of  from  top  to  bottom  kinetic  energy,  enstrophy  and  strain 
magnitude  showing  near- wall  behaviour  on  the  left  and  channel  central  region 
on  the  right.  Solid,  dashed,  chain  dot,  and  chain  triple  dot  linestyles  refer 
respectively  to  terms  1-4  on  the  right  hand  sides  of  equations  (1),  (2)  and  (3). 


The  approximate  sign  signifies  that  terms  which  turn  out  to  be  small  in  channel 
flow  have  been  omitted.  We  will  refer  to  the  three  quantities  as  kinetic  energy, 
enstrophy  and  strain  magnitude  (omitting  the  factors  of  half  to  simplify  the 
discussion). 


2  Results 

Figure  l(a-c)  shows  budgets  in  the  near  wall  region  <  50  while  figure  l(d-f) 
shows  the  same  budgets  near  the  centre  of  the  channel  -0.4  <  y  <  0.4.  The 
dominant  terms  in  the  enstrophy  budget  near  the  production  peak  y'^  ^  12  are 
the  vortex  stretching  by  the  fluctuating  strain  rate,  vortex  stretching  by  the 
mean  and  the  destruction  (terms  1,  2  and  4  on  the  right  hand  side  of  the  above 
equation).  The  vortex  stretching  by  the  mean  is  never  the  dominant  term  and 
away  from  the  wall  (y+  >  40)  it  becomes  insignificant  compared  the  stretching 
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Figure  2:  Instantaneous  plan  view  of  (from  left  to  right)  kinetic  energy,  enstrophy 
and  strain  magnitude  at  locations  in  wall  units  (from  top  to  bottom)  of  5,0,  16.5, 
43.1,  180.0 


by  fluctuating  strain  rate.  At  the  centre  of  the  channel  terms  1  and  4  are  in 
balance.  A  similar  picture  emerges  for  strain  rate  magnitude.  From  the  position 
of  the  production  peak  outwards  the  only  significant  terms  are  the  triple  strain 
correlation  and  the  destruction  term. 

Examples  of  the  instantaneous  fiow  structure  corresponding  to  four  locations 
across  the  channel  are  shown  on  figure  2.  These  figures  illustrate  a  marked 
change  in  the  structure  from  near  the  wall,  where  the  dominant  fiow  features 
are  the  low  speed  streaks,  to  the  channel  centre.  Near  the  wall  there  is  a  strong 
correlation  of  enstrophy  and  strain  magnitude.  This  becomes  much  weaker  near 
the  channel  centreline.  The  instantaneous  flow  and  budget  details  suggest  that 
findings  relating  to  enstrophy  stretching  and  strain  triple  product  from  isotropic 
turbulence  [1]  may  be  applicable  to  the  region  well  away  from  the  wall. 

To  investigate  the  internal  structure  of  the  turbulence  in  more  detail  we  con¬ 
sider  the  enstrophy  production  and  the  triple  product  of  strain  term  (the  third 
term  on  the  right  hand  side  of  (3)).  Using  weighted  conditional  probability  den¬ 
sity  functions,  it  is  possible  to  compute  the  relative  contribution  to  these  terms 
of  flow  with  particular  levels  of  enstrophy  or  strain  magnitude.  Figure  3  shows 
the  result  for  each  term  at  the  channel  centreline.  In  each  case  the  solid  line 
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Figure  3:  Conditional  pdf,  showing  the  contributions  of  enstrophy  and  strain 
magnitude  (horizontal  axis,  normalised  by  their  respective  means)  to  (a)  enstro¬ 
phy  production  and  (b)  strain  rate  triple  product  (term  3  in  equation  (3)). 


represents  conditioning  by  enstrophy  while  the  dashed  line  uses  strain  magni¬ 
tude.  With  regard  to  enstrophy  production  the  results  are  rather  similar,  with 
the  peak  being  at  slightly  higher  values  for  the  strain  magnitude  conditioning. 
For  the  strain  triple  product  term,  however,  the  behaviour  is  different.  There 
is  a  significant  contribution  from  low  values  of  enstrophy,  which  indicates  that 
some  important  turbulence  dynamics  is  occurring  away  from  regions  of  high  en¬ 
strophy.  The  contribution  from  strain  magnitude  shows  a  very  similar  variation 
for  both  terms. 


3  Conclusions 

Near-wall  turbulence  shows  a  strong  correlation  between  enstrophy  and  strain 
magnitude  reflecting  the  underlying  streak  structure.  Nearer  the  channel  centre 
there  are  weaker  correlations  and  is  has  been  shown  how  low  enstrophy  regions 
are  important  when  considering  the  production  of  strain. 
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1  Introduction 

Recent  interest  in  active  flow  control  has  provided  a  motivation  for  developing 
low-order  models  to  link  dominant  flow  structures  to  measurements  of  surface 
pressure  or  shear.  One  approach  to  establish  such  a  link  is  through  stochastic 
estimation  (SE).  Application  of  SE  for  extraction  of  coherent  motion  in  turbulent 
flows  was  first  proposed  by  Adrian  [1].  Later,  the  approach  was  applied  to  a 
variety  of  flows  such  as  turbulent  wall-bounded  flows  [2]  and  separated  flows  [3]. 
Conceptually,  the  estimation  is  obtained  from  a  Taylor  series  expansion  in  terms 
of  a  known  condition.  In  most  instances,  the  series  converges  satisfactorily  to 
the  conditionally  averaged  velocity  field  by  keeping  only  the  linear  term.  Such 
an  estimate,  known  as  Linear  Stochastic  Estimation  (LSE),  provides  a  low-order 
model  of  the  average  flow  structure  associated  with  some  significant  flow  event; 
e.g.,  near- wall  generation  of  Reynolds  stresses,  high  wall-shear,  etc. 


2  Results  and  Discussion 


In  this  work,  SE  was  implemented  using  simultaneous  measurements  of  the  fluc¬ 
tuating  wall  pressure  {p'^)  and  streamwise  velocity  (w')  in  a  turbulent  boundary 
layer.  The  u'  and  probes  were  separated  in  the  normal  (y)  but  not  in  the 
span  wise  or  streamwise  direction.  To  obtain  the  quadratic  SE  of  the  velocity 
(<  u'  >fj)  associated  with  a  condition,  the  following  equation  was  used: 


<  «'  >11  (y’*'.*'*')  = 


Rpn{y'^,t+)  ,  R  PPU 

,2  Pw  +  ,4  Pw  1 

yw,rms  P  yw,rms 


(1) 
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whore  and  represent  the  viscous-scaled  spatial  and  temporal  offsets  be¬ 
tween  u'  and  p'y  measurements  and  p'u,,rms  value  and  Kur- 

tosis,  respectively,  of  the  fluctuating  wall  pressure.  To  obtain  LSE  (<  u'  >/), 
only  the  first  term  in  equation  (1)  is  used.  Note  that  the  linear- term  coefficient 
is  related  to  the  pressure- velocity  correlation  {Rpu),  while  the  quadratic-term 
coefficient  depends  on  the  squared-pressure-velodiy  correlation  {Rppu)^  It  is  also 
useful  to  point  out  that  the  first  and  second  terms  in  equation  (1)  are  odd  and 
even  functions  of  ,  respectively. 

Figure  1  shows  the  conditional  velocity  (<  u'  >),  normalized  by  the  rms 
value,  as  a  function  of  the  magnitude  of  the  pressure  condition.  Those  results  are 
compared  with  LSE  and  quadratic  estimation  results  for  different  y  positions  and 
two  Reynolds  numbers  {Reo).  In  addition.  Figure  1  includes  a  phase-sensitive 
LSE  (<  y/  >i,p),  which  is  obtained  by  replacing  Rpu  with  Rp+u  for  positive  p'^ 
condition  and  Rp-n  foi'  a  negative  one  {Rp+n  and  represent  the  correlation 
between  positive  and  negative  p[^^  values,  respectively,  with  u').  As  seen  from 
Figure  1,  LSE  does  not  capture  the  conditional  average  accurately.  However, 
once  the  quadratic  term  is  included  in  the  estimation,  a  good  representation  of  < 
y/  >  is  obtained  for  all  heights  and  Reynolds  numbers.  The  relative  importance 
of  the  linear  and  quadratic  terms  may  be  assessed  via  inspection  of  the  symmetry 
of  the  conditional  average  with  respect  to  p[,,.  At  y'^  =  20,  or  close  to  the  location 
of  the  event,  <  u'  >  is  neither  even  nor  odd  function  of  and  therefore 
both  terms  in  equation  (1)  are  needed  to  represent  the  average.  As  y  increases, 
however,  the  conditional  average  becomes  more  symmetric  (Figure  1).  Thus,  at 
locations  far  away  from  the  event,  onl}'^  the  even,  or  quadratic,  term  is  needed  to 
represent  the  conditional  average.  This  suggests  that  the  quadratic  term  in  the 
stochastic  estimation  captures  the  signature  of  the  large-scale,  outer  boundary 
layer  structures,  which  would  be  absent  if  only  LSE  is  used.  The  phase-sensitive 
LSE,  on  the  other  hand,  seems  to  provide  a  satisfactory  representation  of  <  u'  > 
over  a  limited  range  of  -2  <  —  <  2. 

The  gradual  change  in  the  symmetry  of  <  u'  >,  with  respect  to  p[^,^  with 
increasing  separation  from  the  event  may  also  be  depicted  in  the  joint  pdf  {jpdf) 
plots  given  in  Figure  2.  As  y  increases,  the  asymmetry  of  the  jpdf  with  respect 
to  pj,,  gradually  disappears.  It  is  also  significant  to  note  that  the  jpdf  s  in  Figure 
2  do  not  resemble  that  of  a  joint  Gaussian  distribution,  which  may  explain  the 
inability  of  LSE  to  represent  <  u'  >  accurately,  as  pointed  out  by  Brereton  [4]. 

Finally,  Figure  3  shows  results  similar  to  Figure  1  but  for  different  td,  rather 
than  7/"^,  values  and  7/+  =  20.  The  general  observation  from  Figure  1  also  holds 
here,  where  the  quadratic  term  is  required  for  a  good  representation  of  <  n'  > 
for  all  time  offsets  and  Reg  values.  The  exception  is  cit  =  -8,  which  happens 
to  correspond  to  the  maximum  negative  value  of  Rpu,  where  <  u'  >  seems  to 
be  a.  linear  function  of  at  the  low  Reg-  However,  for  the  larger  Reg.  <  u'  > 
deviates  from  this  linear  behavior  and  the  quadratic  term  must  be  included. 
Interestingly,  even  the  quadratic  estimation  does  not  capture  the  conditional 
average  at  large  pressure  magnitudes  for  this  time  offset.  It  seems  that  the 
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inclusion  of  a  third  order  term  may  be  needed  here. 


Figure  1:  Comparison  of  the  conditional  average  with  the  linear,  quadratic  and 
phase-sensitive  SE  for  different  heights  and  Reynolds  numbers  =  0). 


Figure  2:  Joint  pdfs  for  different  heights  and  =  0. 


3  Conclusions 

Linear  stochastic  estimation  of  the  velocity  field  based  on  the  wall  pressure  does 
not  capture  the  influence  of  the  largest  scales  in  turbulent  wall-bounded  flows. 
An  improved  linear  estimation  is  obtained  over  a  narrow  range  of  pressures  when 
using  phase-sensitive  correlation  functions.  However,  for  accurate  estimation, 
the  quadratic  term  must  be  included.  The  importance  of  the  quadratic  and 
possibly  higher  order  terms  seems  to  increase  with  increasing  Reynolds  number. 
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93-1-0639,  monitored  by  Dr.  Patrick  Purtell. 
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Figure  3:  Comparison  of  the  conditional  average  with  the  linear,  quadratic  and 
phase-sensitive  SE  for  different  time  delays  and  Reynolds  numbers  (?/+  =  20), 
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1  Introduction 

This  work  is  based  on  direct  numerical  simulation  (DNS)  of  an  idealized  per¬ 
turbed  boundary  layer.  A  spatially  developing  flow  is  emulated  by  straining  the 
domain  of  a  turbulent  channel  flow,  replacing  spatial  changes  with  temporal  ones, 
causing  the  wall-bounded  turbulence  to  experience  the  deformation  history  of  the 
spatial  case  (figure  1).  This  approach  has  the  advantage  of  imposing  the  essen¬ 
tial  complexity  of  perturbed  flows  in  an  uncomplicated  geometry.  The  resulting 
Reynolds-averaged  statistics  satisfy  a  one- dimensional  unsteady  problem,  which 
provides  considerable  simplification  for  coding,  analysis  and  modeling.  Further 
details  are  provided  in  [2]. 


Figure  1:  Side  view  of  2D  APG  boundary  layer,  a)  Spatially  developing  flow, 
b)  Initial  and  deformed  domain  of  time-developing  strained-channel  idealization. 
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Figure  2:  Mean  velocity  for 

APG  strained-channel  flow:  - , 

/l22^  —  0) - ?  -^22^  —  0.365. 


Figure  3:  Mean  skin-friction  history: 
symbols  from  21  independent  DNS 

realizations; - ,  equation  (1)  in- 

terpolant. 


2  Results 

We  consider  a  strain  field  induced  by  an  adverse  pressure  gradient  (APG), 
with  a  streamwise  deceleration  An  =  dU/dx  <  0  and  wall-normal  stretch¬ 
ing  A22  =  dV/dy  >  0.  A  relatively  weak  APG  is  assumed,  with  A22  =  -An 
chosen  to  bo  30.7%  of  Ur/^,  fhe  ratio  of  initial  friction  velocity  to  channel  half¬ 
width.  The  initial  Reynolds  number  Rcr  =  iirS/iy  is  391,  which  is  large  enough 
(roughly  four  times  that  needed  to  sustain  channel  turbulence)  to  produce  a 
well-defined  inertial  layer  (cf.  [4]).  (The  initial  Reynolds  number  based  on  mean 
centerline  velocity  is  7908.)  Preliminary  results  for  this  case  were  presented 
in  [1];  the  present  study  benefits  from  increasing  the  ensemble  average  from  4  to 
21  realizations,  and  inclusion  of  Reynolds-stress  budgets. 

The  ability  of  the  strained-channel  strategy  (which  combines  a  spatially  uni¬ 
form  strain  field  with  in-plane  motion  of  the  channel  walls)  to  emulate  an  APG 
boundary  layer,  both  near  and  far  from  the  wall,  is  illustrated  in  figures  2  and 
3.  The  time-dependent  wall  velocity  Uwit)  used  to  create  the  inner  layer  appro¬ 
priate  for  an  APG  satisfies  Uc{t)  -  =  Wc(0)  exp(AiiO)  where  Uc(t)  is  the 

mean  centerline  velocity  (see  [2]).  The  evolution  of  the  mean  velocity  shown  in 
figure  2  demonstrates  both  the  reduction  of  the  wall-shear  stress  and  the  increase 
of  the  layer  thickness  found  in  the  spatial  case.  The  skin-friction  reduction  is 
also  documented  in  figure  3,  where  the  symbols  trace  the  history  of  the  various 
DNS  realizations.  The  solid  curve  is  an  interpolant,  which  may  be  useful  to 
those  wishing  to  compare  model  predictions  against  the  DNS  results.  It  is  given 
by: 

^(.^^■.^(O)  =  exp(ao(T)  Aaicr^  P  aj  exp(a3C7)  sin(a4(7),  (1) 

where  (n-o, , «2, 03, a^)  ==  (-3.5433,-0.3127,2.9267,-29.5295,-3.3553)  and 
(j  =  A22t- 
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Figure  4:  a)  Turbulence  kinetic  energy  k  profiles:  - ,  ^22^  =  0; - ? 

^22^  =  0.365;  . ,  ^22^  =  0.77  (single  realization),  b)  Terms  in  k  budget 

at  ^22^  =  0.365: - ,  mean-shear  production; - ,  dissipation; - , 

turbulent  transport; - ,  viscous  diffusion; . ,  velocity  pressure-gradient 

correlation;  o,  applied-strain  production  (also  shown  in  inset  with  expanded 
vertical  scale);  thick-solid  curve  (  ),  sum  of  all  terms  («  dk/dt)  at  ^22^  = 

0.365  (also  shown  in  inset).  Thin-solid  ( - )  curves  denote  terms  at  t  =  0 

(before  strain).  Shaded  regions  indicate  change  from  unstrained  initial-condition 
profiles.  Budget  terms  defined  as  in  [3]. 


Another  feature  of  APG  layers  captured  by  the  DNS  is  the  simultaneous 
increase,  in  the  outer  layer,  and  decrease,  near  the  wall,  in  turbulence  activity. 
This  is  revealed  in  figures  4a  and  5a,  plots  of  turbulence  kinetic  energy  k  and 
turbulent  shear  stress  -uV,  respectively.  The  effect  of  the  APG  strain  upon  the 
various  terms  in  the  budgets  of  these  two  quantities  is  also  shown,  in  figures  45 
and  55,  where  the  profiles  at  ^22^  =  0.365  are  compared  to  their  initial  values 
(the  shaded  regions  indicate  the  net  change  induced  by  the  APG).  This  time 
corresponds  to  about  half  that  required  for  the  flow  to  undergo  a  parallel-flow 
version  of  separation  (see  figure  3)  -  when  the  skin  friction  changes  sign  but 
without  enhancing  the  convection  away  from  the  wall.  The  figure  4  and  5  results 
are  thus  representative  of  a  non-separating  APG  layer  (expect  for  the  dotted 
curves  in  figure  4a  and  5a,  taken  from  a  single  realization  at  ^22^  =  0.77,  after 
the  skin-friction  reversal). 

Figure  45  shows  that  the  near-wall  kinetic-energy  decrease  (see  expanded- 
scale  inset,  which  plots  the  net  balance,  approximately  dk/dt)  is  accompanied  by 
large  decreases  in  both  production  and  dissipation  (budget  terms  are  defined  as 
in  [3]),  with  the  production  falling  most  rapidly,  leading  to  a  negative  imbalance. 
The  net  positive  dk/dt  in  the  outer  layer,  on  the  other  hand,  can  be  traced  to 
the  All  =  “A22  strain  (figure  45  inset). 
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yJ6(0) 

Figure  5:  a)  Turbulent  shear-stress  profiles  and  b)  terms  in  -ub/  budget 

at  A22^'  =  0.365:  symbols  as  in  figure  4. 


All  the  terms  in  the  -wV  budget  (figure  55)  become  smaller  near  the  wall, 
with  the  production  -F12  (a  source  of  -wV)  and  pressure- velocity-gradient 
correlation  —1112  sink)  experiencing  the  most  obvious  changes;  a  net  decrease 
in  —u'v'  occurs  since  — P12  approaches  zero  faster  than  —1112  does.  A  near- 
balance  between  -F12  and  -1112  also  controls  the  outer-layer  increase.  The 
extent  to  which  this  behavior  is  affected  by  the  applied  strain  will  be  explored 
in  future  work,  as  will  the  underlying  sources  of  changes  found  in  other  budgets, 
along  with  implications  for  modeling  APG  boundary  layers. 

The  DNS  data,  along  with  a  C  or  Fortran  model-testing  code  incorporat¬ 
ing  the  strained-channel  geometry,  will  be  made  available  electronically  should 
others  wish  to  use;  them  as  resources  for  closure  testing  and  development. 
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1  Introduction 

In  two-dimensional  flow  the  near-wall  layer,  which  may  deflned  as  the  region 
beneath  the  position  of  maximum  reverse-flow  velocity,  is  thin  compared  with 
height  of  the  bubble.  It  exhibits  ’laminar-like’  features  and  the  velocity  profiles 
are  approximately  self-similar  (e.g.  [1]).  Attention  has  been  directed  almost 
exclusively  to  the  layer  upstream  of  attachment,  although  there  is  a  comparably 
thin  layer  on  the  downstream  side. 

The  present  flow  was  generated  by  means  of  a  doubly-swept  separation  line  of 
±10°,  formed  by  normal  flat  plates  mounted  on  the  front  of  a  v-shape  horizontal 
splitter  plate  [2].  Figure  1  shows  the  limiting  streamlines  on  the  splitter  plate 
surface.  The  degree  of  three-dimensionality  is  ’moderate’  in  that  the  cross-flow 
velocit}''  was  significantly  less  than  the  free-stream  velocity.  The  flow  was  about 
wide  enough  for  the  flows  on  the  sides  of  the  central  region,  at  about  z  =  ± 
380mm,  to  be  ‘spanwise-invariant’,  free  from  the  influences  of  the  wind  tunnel 
walls. 

Pulsed- wire  measurements  were  made  of  mean  and  fluctuating  velocity  and 
wall  shear  stress.  The  present  paper  is  primarily  concerned  with  the  parametric 
dependency  of  the  fluctuating  surface  shear  stresses  -  the  mean  flow  scaling  is 
addressed  in  another  paper  [3].  The  viscous  constraint  on  the  cross  flow  velocity 
(^-direction)  extends  further  into  the  flow  than  it  does  on  the  streamwise  (.t- 
direction)  flow.  The  cross-flow  velocity  profiles  also  exhibit  approximate  self 
similarity,  slightly  fuller  than  those  for  the  streamwise  flow.  Wall  shear  stress 
coefficients  (C/^  and  C/J  based  on  velocities  {Us  and  TUj)  at  the  edge  {6u,  and 
exhibit  simple  dependencies  on  local  Reynolds  numbers  based  upon  the  same 
edge  velocities  and  layer  thicknesses,  as  shown  in  figure  2.  These  relationships 
apply  upstream  and  downstream  of  reattachment,  and  appear  to  apply  reliably 
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Z  -  380mm 


Figure  1:  Surface  streamlines  beneath  separation  bubble. 

across  lines  of  zero  mean  stress.  Other  scalings  proposed  on  the  basis  of  two- 
dimensional  coplanar  studies  do  not  work.  There  is  also  a  striking  comparability 
between  the  near- wall  layer  and  three-dimensional  turbulent  boundary  layers,  in 
which  the  cross  flow  is  the  primary  flow  and  the  reverse  (or  streamwise)  flow  is 
the  pressure-driven  secondary  flow. 
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Figure  2:  Local  wall  shear  stress  coefficients  against  local  Reynolds  numbers. 
Lines  have  slopes  of  -0.6.  T’  and  ’C’  denote  primary  and  cross  flow  of  [4]. 


2  Results 


The  r.m.s.  of  the  wall-shear-stress  fluctuations,  r,J,  and  rf,  are  shown  in  figure 
3,  where  Vrej  is  the  free-stream  velocity.  An  example  of  the  lateral  fluctuations 
of  velocity  is  given  in  figure  4,  where  in  these  instances  the  thickness,  lies 
in  the  range  ~  0.24/t/  to  ~  0.38//,/,  and  the  thickness,  Sw,  lies  in  the  range 
~  0.35Jif  to  ~  0.56//,/.  hf  is  the  height  of  the  normal  flat  plate  above  the 
splitter  plate.  A  simple  supposition  would  be  to  suppose  that  the  r.m.s  of  the 
fluctuating  surface  shear  stress  is  proportional  to  the  r.m.s  of  the  (corresponding) 
fluctuating  velocity  at  the  edge  of  the  near- wall  layer.  That  is, 

and  ^ 

where  Ug  and  w'^  are  u-  and  at  y  =  Su  and  respectively.  Figure 

5  shows,  rldul'u!^  and  rlSyv/n]'^  normalised  by  2pUrcfkf,  where  Urcjhj/iy  was 
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Figure  3:  R.m.s.  of  x-  and  2: -direction  wall  shear  stress  fluctuations. 


3  *  6  »  0  1  i 

y//i; 


Figure  4:  Mean  square  of  x—  and  2;— direction  velocity  fluctuations,  x/Xa  —  0.5. 

3900.  Xa  is  the  .T-direction  distance  to  the  attachment  line  from  the  separation 
line  (at  z).  The  scatter  in  this  figure  is  largely  due  to  the  difficulty  in  determining 
6u  and  Sw  accurately.  The  lines  indicated  imply  values  of  and  CL  of  about  8 
and  12,  respectively.  The  same  argument  can  of  course  be  applied  to  the  mean 


Figure  5:  r^5u/u'g  and  normalised  by  2pUrefhf. 

flow  -  i.e.  ^  C:^  fills /Su  and  r-  CzfiWsISw  -  where  the  coefficients,  Cx  and 
C-,  are  about  4  and  6  -  the  profiles  of  u'  and  w'  are  fuller  than  those  of  U  and 
W.  In  this  argument  the  length  scales,  Su  and  Sw,  are  the  same  for  both  the 
mean  flow  and  the  fluctuating  flow,  implying  (reasonably)  that  viscous  effects 
extend  about  the  same  distance  from  the  surface  for  the  fluctuations  as  for  the 
mean  flow.  However,  it  should  not  be  inferred  that  and  r!  are  proportional 
to  Tx  and  Tx  since  the  velocity  ratios  uyUs  and  w^/Ws  cannot  in  general  be 
constant.  (See  also  [5] [6].)  Figure  6  shows  and  r'  scaled  on  and  u'^  against 
u'^Su/u  and  w'^Sw/i'  in  analogy  with  the  mean  flow  scaling  of  figure  2,  showing 
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a  comparably  simple  dependence. 


Figure  6:  Local  r.m.s.  wall  shear  stress  coefficients  against  local  turbulence 
Reynolds  numbers.  Lines  have  slopes  of -0.6. 


3  Conclusions 

The  fluctuating  wall  shear  stresses  scale  in  a  comparable  manner  to  that  for  the 
mean  shear  stresses,  but  are  not  coupled  to  the  mean  stresses.  The  scalings  are 
local,  applying,  it  appears,  through  singularities  of  mean  wall  shear  stress. 
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1  Introduction 

Partially  premixed  turbulent  flames  can  develop  flow  regimes  where  triple  flames 
emerge  consisting  of  essentially  premixed  and  non-premixed  zones.  The  descrip¬ 
tion  of  such  phenomena  requires  a  criterion  for  the  detection  of  such  zones,  which 
can  be  based  on  a  wide  range  of  variables  including  reaction  rates,  mass  frac¬ 
tions  of  radicals,  the  sign  of  the  product  of  the  gradients  of  fuel  and  oxidiser 
mass  fractions.  These  variables  are  not  necessarily  suitable  for  the  derivation 
of  sdf/pdf  methods,  which  require  transport  pdes  for  the  conditioning  variables. 
Reaction  rates  are  not  bounded  in  the  limit  of  infinitely  fast  reactions,  the  sign 
function  is  discontinuous,  radical  mass  fractions  are  not  necessarily  present  in 
rich  and  lean  zones.  Hence  a  new  single  scalar  variable  based  on  geometric 
properties  of  mixture  fraction  and  non-conserved  variables  is  constructed,  that 
allows  the  detection  of  finite  rate  and,  in  particular,  triple  flame  domains  and 
remains  smooth  and  bounded  in  the  limit  of  infinitely  fast  reactions.  It  is  based 
on  the  observation  (see,  for  instance,  fig. 8  of  Echekki  and  Chen  [1])  that  in  finite 
rate  regions  the  isolines  of  thermodynamic  variables  cease  to  be  parallel  to  the 
isolines  of  mixture  fraction. 


2  Geometric  criterion 

The  criterion  to  be  developed  rests  on  the  following  set  of  assumptions: 

(1)  The  Navier-Stokes  equations  for  the  zero  Mach  number  limit  (Majda  and 
Sethian  [3])  hold. 

(2)  The  conditions  stated  by  Williams  {[4],  section  1.3)  for  the  existence  of 
coupling  functions  hold. 
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(3)  The  flow  domain  is  open. 

It  follows  from  these  conditions  that  the  limit  of  infinitely  fast  chemistry  reduces 
the  system  of  thermodynamic  variables  governed  by  pdes  to  a  single  one  called 
mixture  fraction  Z:  Density,  temperature  and  composition  become  local  (not  in¬ 
volving  differential  or  integral  expressions)  functions  of  Z.  Here  the  assumptions 
of  zero  Mach  number  and  open  domain  are  crucial  since  compressibility  effects 
would  make  density  and  temperature  nonlocal  (i.e.  via  differential  equations) 
functions  of  the  velocity,  energy  and  pressure  fields  and  the  zeroth  order  pressure 
would  be  time  dependent  in  closed  domains. 


2.1  Simplified  chemistry 

Simplified  chemistry  involving  only  two  variables  (mixture  fraction  Z  and  a 
progress  variable  c,  all  variables  are  assumed  dimensionless)  is  considered  first. 
The  angle  7  =  sin"^(|n^  x  n^|)  between  the  gradients  of  Z  and  c  is  according  to 
the  results  of  Echekki  and  Chen  [1]  close  to  zero  for  regions  without  significant 
finite  rate  effects  and  large  in  the  flame  zones.  The  unit  normal  vectors  for  the 
level  surfaces  of  mixture  fraction  and  progress  variables  are  defined  by 


(1) 


The  progress  variable  c  varies  significantly  near  the  flame  zone,  but  can  be 
expected  to  be  close  to  zero  or  unity  away  from  it.  Hence,  the  computation  of 
unit  normal  vectors  may  suffer  from  numerical  inaccuracy  away  from  the  flame 
zones,  hence 

_  VZ  Vc 

l  +  |VzC  max|c|  +  |Vc| 

is  used  in  the  scalar  detection  function  =  g-g.  The  vector  g  is  proportional  to 
the  sinus  of  the  angle  between  the  two  gradients,  if  |  V.^|  >  1  and  |  Vc|  >  max  |c| 
hold  and  it  approaches  the  zero  vector  as  one  of  the  gradients  vanishes.  Hence, 
(2)  is  and  the  criterion  for  the  detection  of  finite  rate  zones  is  then  T  >  fo  where 
max^  >  /o  >  0  is  a  suitable  value.  This  definition  enjoys  the  advantage  (in 
contrast  to  reaction  rates)  to  be  smooth  and  bounded  as  the  limit  of  infinitely 
fast  reactions  is  approached. 


2.2  Complex  chemistry 

This  criterion  can  be  generalized  to  partially  premixed  flames  with  complex 
chemistry  where  the  local  thermodynamic  state  is  described  by  non-conserved 
variables  c/,  i  =  and  a  mixture  fraction  variable  Z.  In  the  limit  of 

infinitely  fast  reactions,  all  ci  become  local  functions  of  Z  according  to  the  as¬ 
sumptions  stated  above.  The  obvious  generalisation  would  be  to  construct  the 
scalar  T  as  sum  over  individual  products  Ti  of  the  form  (2).  This  would  lead  to 
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Figure  1:  Isolines  of  JF  =  g  •  g  for  g  constructed  with  mixture  fraction  Z  and 
density  p  at  time  t  =  29  (left)  and  with  mixture  fraction  Z  and  mass  fraction  of 
H2O  (right)  at  time  t  =  19. 


extreme  complexity  of  the  transport  pde  for  T  and  defeat  the  purpose  to  pro¬ 
duce  a  tool  for  the  analysis  of  finite  rate  regions  in  turbulent  flames.  However, 
there  is  another  possibility:  Scalar  variables  such  as  temperature  and  density 
depend  on  all  reaction  steps  in  an  implicit  manner:  The  Navier-Stokes  system 
for  combustion  flows  in  zero  Mach  number  limit  (see  Majda  and  Sethian  [3])  can 
be  set  up  for  the  variables  velocity,  pressure,  composition  variables  and  internal 
energy,  all  satisfying  pdes.  Density  and  temperature  follow  then  from  local  state 
relations,  hence  p(ua,p, Fi,  •  •  •  5 w)  and  T(va,p^Yi,  ■  ■  ‘  ,Yn,u)  with  nonlocal 
(functional)  dependence  on  velocity.  The  composition  variables  in  turn  are  func¬ 
tions  of  the  chemical  rate  parameters  (Damkoehler  numbers  for  the  individual 
reactions),  hence  are  density  and  temperature  functions  of  these  parameters. 
It  follows  that  it  is  sufficient  for  complex  systems  of  combustion  reactions  to 
consider  the  definition 

g  —  1  |VZ|  ^  max  \p\  -f  I Vp| 

(the  dimensionless  density  is  not  necessarily  positive)  and  T  =  g  •  g-  This 
definition  satisfies  the  requirements  for  the  detection  of  finite  rate  regions  and 
remains  bounded  as  infinitely  fast  reactions  are  approached. 


3  Evaluation  of  the  criterion  in  2-d  flames 

Im  and  Chen  [2]  investigated  the  structure  and  propagation  of  triple  flames  in 
partially  premixed  hydrogen-air  mixtures  using  detailed  chemistry.  These  results 
are  used  to  verify  the  properties  of  the  scalar  variables  defined  in  the  previous 
sections  for  the  detection  of  finite-  rate  regions.  The  case  of  a  strong  interaction 
with  a  vortex  offers  a  suitable  test  case  (see  Im  and  Chen  [2])  to  evaluate  the 
criterion.  Figure  1  (time  t  =  19)  and  fig.2  {t  —  29)  show  the  isolines  of  the 
scalar  T  for  two  choices  of  the  non-conserved  scalar  in  the  vector  g:  (i)  density 
p,  (ii)  mass  fraction  of  i/20.  It  is  evident  that  the  detailed  variation  of  the  scalar 
T  within  the  finite  rate  regions  is  different  for  (i)  and  (ii),  but  the  outline  (level 
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Figure  2:  Same  as  fig.l  for  time  t  =  29. 

value  fo  small  compared  to  the  maximum)  is  essentially  the  same  for  density 
and  mass  fraction  of  H2O  at  both  times. 


4  Conclusions 

A  new  scalar  variable  based  on  geometric  properties  of  level  surfaces  was  con¬ 
structed  that  allows  the  detection  of  finite  rate  and  triple  flame  regions.  It 
remains  smooth  and  bounded  in  the  limit  of  infinitely  fast  chemistry  and  can  be 
applied  to  complex  systems  of  combustion  reactions.  It  is  valid  for  the  conditions 
stated  in  the  assumptions.  Evaluation  of  DNS  results  showed  that  various  def¬ 
initions  of  the  scalar  using  stable  mass  fractions  and  density  produce  the  same 
finite  rate  region  but  different  distributions  of  the  scalar  in  them. 
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1  Introduction 

Finite  rate  chemistry  and  quenching  effects  in  diffusion  flames  have  been  the 
subject  of  multiple  studies  motivated  by  the  need  to  understand  intermediate 
combustion  regimes  observed  during  transition  from  fast  chemistry  to  fast  mi¬ 
cromixing  and  quenching  of  the  reaction  zones  [1].  Local  flow  conditions  promot¬ 
ing  quenching  of  diffusive-reactive  layers  prohibit  stabilization  or  development  of 
combustion.  Partial  extinction  also  modifies  pollutants  formation.  The  develop¬ 
ment  of  new  strategies  for  Reynolds  Averaged  Simulation  (RANS)  or  Large  Eddy 
Simulation  (LES)  of  turbulent  combustion  therefore  implies  a  precise  knowledge 
of  both  quenching  mechanisms  and  flame  structure  bordering  quenched  locations 
[2,3]. 

Using  numerical  simulations  of  diffusion  flame  quenching,  it  is  shown  that 
one  may  distinguish  between  conditions  leading  to  transition  from  burning  to 
quenching,  and,  conditions  observed  at  a  quenched  location  featuring  different 
flame  properties,  related  to  partially  premixed  combustion. 


2  Diffusion  flame  quenching,  edge  flame  and  par¬ 
tially  premixed  flamelets 

Diffusion  flames  are  usually  parametrized  using  conserved  scalars  as  the  mixture 
fraction  Z  (Z  =  0  in  pure  oxidizer  and  Z  =  1  in  pure  fuel).  Fundamentals  of 
diffusion  flame  reveal  that  regions  where  the  chemical  reaction  is  frozen  (flame 
quenching)  appear  when  the  local  Damkohler  number  (Da)  falls  below  a  critical 
value  Da*.  The  number  Da  is  defined  as  the  ratio  of  a  diffusive  time  to  a 
chemical  time  [4].  may  be  estimated  from  the  scalar  dissipation  rate  x  = 
D|VZ|^  as  where  D  is  a  diffusion  coefficient.  Solutions  of  planar 

flame  problems  for  a  variety  of  x>  called  flamelet  library,  provide  a  quenching 


429 


430 


Valerie  Favier  and  Luc  Vervisch 


scalar  dissipation  rate  xj,  a  critical  value  widely  used  in  turbulent  combustion 
modeling  [1]. 

t  =  0  t  >  0 


Figure  1:  Schematic  of  the  simulations  of  two-dimensional  quenching. 

To  study  flamelet  quenching  without  curvature  of  the  stoichiometric  line,  we 
have  further  analyzed  a  Direct  Numerical  Simulation  (DNS)  database  initially 
developed  to  focus  on  triple  flame  /  vortices  interaction  [5].  For  strong  vortices, 
the  trailing  diffusion  flame  is  submitted  to  a  high  level  of  strain  and  scalar  dissi¬ 
pation  rate  leading  to  quenching  of  the  two-dimensional  planar  diffusion  flamelet 
(Fig.  1).  We  focus  on  this  part  of  the  simulation  where  quenching  appears.  The 
diffusion  flame  is  initially  stabilized  within  a  two-dimensional  domain  following 
a  procedure  proposed  in  [6].  The  scope  of  the  study  is  restricted  to  a  zone  of 
the  computational  domain  where  only  diffusion  combustion  is  concerned.  For 
the  simulated  case,  the  vortices  do  not  carry  any  hot  gases  and  products  re¬ 
maining  from  their  interaction  with  the  partially  premixed  front  and  effects  of 
unsteadiness  are  negligible  in  our  analysis. 

A  laminar  flamelet  library  has  been  constructed  using  the  same  chemistry 
and  transport  than  in  the  full  Navier  Stokes  simulation.  The  reference  quenching 
scalar  dissipation  rate  xj,  its  corresponding  quenching  length  =  ^D/x^  and 
the  scalar  dissipation  rate  in  the  unperturbed  trailing  diffusion  flame  XDiff  may 
be  used  as  control  parameters.  The  vortices  are  characterized  by  their  radius 
R,  velocity  v'  and  the  length  ly  (Fig.  1).  The  reported  simulations  have  been 
performed  using  a  representative  condition  where  diffusion  flame  quenching  is 
found: 


fK  100  ,  k  R.  12 

XDiff 


f 

V 

x;  <5<, 


40 


(1) 


Varying  tlie.se  numbers  changes  the  streamwise  position  of  quenching,  but  do 
not  fundamentally  modified  the  presented  results. 

The  studied  sequence  may  be  decomposed  in  three  stages  (Fig.  2). 
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Figure  2:  Three  successive  times  of  two-dimensional  unsteady  quenching  of  a 
planar  diffusion  flame  pinched  by  a  pair  of  vortices,  configuration  studied  in  [5]. 
Left,  bold:  iso- reaction  rate,  dotted:  vorticity,  frame:  region  of  the  fiow  where 
the  centerline  response  of  the  flame  versus  inverse  mixture  fraction  dissipation 
rate  is  studied.  Right  top,  circle:  1-D  flamelet  library,  line:  top  left  2-D  flame, 
triangle:  middle  left  2-D  flame,  square:  bottom  left  2-D  flame.  Right  bottom, 
circle:  1-D  flamelet  library,  line:  partially  premixed  flamelet  =  0.16,  dash 
line:  (l)m  =  0.19. 

The  planar  diflfusion  flame  is  first  squeezed  by  the  vortices,  then  quenching 
occurs.  Latter,  premixed  kernels  develop  at  the  reaction  zone  extremities.  The 
centerline  response  of  the  burning  rate  shows  that  one  should  distinguish  between 
the  amount  of  scalar  dissipation  rate  necessary  to  quench  the  diffusion  flame  Xq^ 
and,  XqEd »  value  measured  at  the  extremity  of  the  reaction  zone,  featuring  an 
edge  flame  [7]  (Fig.  2).  In  these  unsteady  simulations,  the  value  Xq  that  should 
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be  applied  to  transition  from  burning  to  quenching  is  found  to  be  of  the  order  of 
X*j  predicted  by  flamelet  theory  (Fig.  2  top  right).  In  particular  when  x  > 
quenching  is  observed.  However,  once  a  hole  exists  in  the  reaction  zone,  XqBd^ 
level  of  scalar  dissipation  rate  necessary  to  maintain  quenching,  is  always  lower 
than  the  reference  flamelet  value  x*r  This  is  explained  by  multi-dimensional 
flux  of  species  and  heat  at  the  flame  tip  combined  with  partial  premixing  of  the 
reactants  in  the  zone  bordering  the  quenched  location. 

An  indicator  of  the  local  degree  of  partial  premixing  is  given  by  ,  the 
product  of  reactants  mass  fractions  =  YfYq-  In  a  pure  mixing  situation: 

=  Yf^oYo,oZ{1  -  Z)  (2) 

where  Yp^o  and  Yo,o  are  the  mass  fractions  of  fuel  and  oxidizer  in  the  feeding 
streams.  Flamelet  library  are  usually  constructed  using  as  boundary  conditions 
for  {Yp,Yo,Z)  the  values  (0,yo,o,0)  and  (y/ro,0,l).  These  libraries  may  also 
be  constructed  for  prescribed  values  of  ,  leading  to  a  family  of  inlet  conditions 
yo,o^o(l  “  Zo),  Zo)  and  {Yf,oZi,Yo^oZi{1  -  ^i),  ^i),  where  Zq  and  Zi 
are  functions  of  given  by  Eq.  (2). 

Fig.  2  (bottom  right)  suggests  that  steady  partially  premixed  flamelets, 
parametrized  with  both  (^,n  and  x,  reproduce  the  edge  flame  response  after 
quenching  has  developed.  A  meaningful  result  for  flamelet  modeling  of  turbu¬ 
lent  burners  where  strong  finite  rate  chemistry  and  quenching  occur,  and  have 
to  be  captured  carefully. 


References 

[1]  N.  Peters.  Turbulent  Combustion.  Cambridge  University  Press. 

[2]  V.  Nayagam,  R.  Balasubramaniam,  and  P.  D.  Ronney.  Diffusion  flame  holes. 
Combustion  theory  and  modelling.,  3(4):727-742,  1999. 

[3]  L.  Vervisch  and  T.  Poinsot.  Direct  numerical  simulation  of  non-premixed 
turbulent  flame.  Annu.  Rev.  Fluid  Meek.,  30:655-692,  1998. 

[4]  A.  Lihan.  The  asymptotic  structure  of  counterflow  diffusion  flames  for  large 
activation  energies.  Acta  Astronautica,  1007(1),  1974. 

[5]  V.  Favier  and  L.  Vervisch.  Effects  of  unsteadiness  in  edge-flames  and  liftoff  in 
non-premixed  turbulent  combustion.  In  Twenty -Seventh  Sym,posium  (Inter¬ 
national)  on  Combustion/ The  Combustion  Institute,  pages  1239-1245,  1998. 

[6]  G.R.  Ruetsch,  L.  Vervisch,  and  A.  Lihan.  Effects  of  heat  release  on  triple 
flame.  Phys.  Fluids,  6(7):  1447-1454,  1995. 

[7]  J.  Buckmaster  and  R.  Weber.  Edge-flame  holding.  In  Proceedings  of  the  26th 
Sym,p.  (Int.)  on  Combustion.  The  Combustion  Institute,  Pittsburgh,  1996. 


ADVANCES  IN  TURBUI.ENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds,) 
©  CIMNE,  Barcelona  2000 


The  effects  of  combustion  on  turbulence 
in  high  speed  mixing  layers 

F.  Ladeinde\  E.  E.  O’Brien^  and  W.  LiiE 

^Mechanical  Engineering  Dept.,  SUNY  Stony  Brook,  NY  11794-2300  USA 
^Software  Engineer,  Proximo,  Inc.  New  York  City,  USA 

Contact  e-mail:  ladeinde@mech.eng.sunysb.edu 


1  Introduction 

Three  kinetic  models,  described  fully  in  [1],  have  been  studied  for  H2/Air  com¬ 
bustion  in  mixing  layers  involving  convective  Mach  numbers  of  0.5,  and  0.8.  The 
kinetic  models  comprise  of  2-step/4-species,  8-step/7-species,  and  25-step/12- 
species.  The  present  paper  discusses  turbulence-combustion  interaction,  with 
an  emphasis  on  the  effects  of  chemistry  on  the  turbulence.  While  studies  of 
the  effects  of  aerodynamics  on  chemistry  are  more  common,  for  example,  the 
mixing-enhancement  studies,  the  converse  problem  has  not  received  enough  at¬ 
tention.  Previous  work  by  the  authors  using  a  Mach  number  of  0.2  did  not  show 
significant  effects  of  the  kinetic  models  on  turbulence.  Therefore,  the  present 
efforts  focus  on  the  two  Mach  number  values  mentioned  above. 

Unlike  the  2-step  kinetic  model,  which  contains  radicals  of  only  the  OH 
type,  the  8-step  and  25-step  models  include  H,  0,  and  OH  in  the  reactions. 
The  generation  of  the  radicals  usually  involves  endothermic  reactions,  so  that 
temperatures  that  are  lower  than  the  upstream  values  are  possible  inside  the 
mixing  layer.  These  effects  show  up  in  the  density  field  via  the  equation  of 
state  and  hence  in  the  momentum  of  the  flow  and  in  the  turbulence.  The  dif¬ 
ferential  temperature  distribution  [2]  due  to  these  kinetic  models  and  the  mass 
fraction  probability  density  function  (PDF)  [3]  have  been  studied.  For  a  given 
Mach  number,  the  background  compressibility  from  high  speed  is  similar  to  that 
of  the  non-reacting  case  for  all  three  kinetic  models.  Therefore,  any  observed 
differences  could  roughly  be  attributed  to  the  effects  of  the  kinetic  models. 

In  the  present  studies,  turbulence  quantities  are  calculated,  particularly  those 
that  appear  in  the  Reynolds  stress  evolution  equations;  their  magnitudes  and 
temporal  evolution  are  compared  for  the  three  kinetic  models.  The  non-reacting 
case  is  available  as  a  reference. 
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2  Numerical  Procedure 


The  present  studies  are  of  the  direct  numerical  simulation  (DNS)  type,  wherein 
the  governing  equations  are  integrated  directly  in  space  and  time,  with  the  only 
modeling  being  that  of  the  reaction  rates,  in  terms  of  the  Arrhenius  formula. 
The  numerical  procedure  and  its  validation  have  been  presented  in  previous 
work  by  the  authors.  The  computations  were  carried  out  on  the  IBM  SP2 
supercomputer,  to  take  advantage  of  its  massive  parallelization  capabilities.  The 
effects  of  chemistry  modeling  on  the  turbulence  quantities  pu['Uj  (Reynolds 
Stress)  and  on  the  quantities 


Pij  =  -p  ==  p'u\  j  +  p'u'j  i  -  ^p'OSij, 

=  pUiUj'^^k  +  Fp'u'jSi^^  -  , 

P^-iJ  =  +  ^'jkK,k^  ^  ^ij  =  P  , 


have  been  analyzed,  where  P/j  is  the  production,  n/j  the  deviatoric  part  of 
the  pressure-strain  correlation,  'Lijk  the  diffusive  transport,  the  turbulent 
dissipation  rate  tensor  and  p'9  the  pressure-dilatation  correlation. 

The  details  of  the  three  kinetic  models  are  presented  in  [1],  as  are  those  of 
the  initial  and  boundary  conditions. 


3  Results  and  Conclusion 

The  evolution  with  the  eddy  turnover  time  of  turbulence  of  the  quantities 
TLjj,  T.i.;At,At5  p^ij  =  Dij,  pu'-iij,  and  Bij  were  evaluated  from  the  DNS  results 
for  the  three  kinetic  models  and  Mach  numbers,  Me,  of  values  0.5  and  0.8.  In 
general,  relative  to  the  non-reacting  situations,  the  2-step  reaction  model  did 
not  show  any  significant  influence  on  the  various  quantities.  This  was  the  case 
for  Me  =  0.5  and  0.8.  The  strongest  effect  (not  shown),  although  insignificant, 
of  this  kinetic  model  was  in  the  Du  field  (M^  =  0.8).  For  all  three  kinetic 
mechanisms,  no  significant  effects  were  observed  for  Me  =  0.5  on  any  of  the 
turbulence  quantities.  Furthermore,  at  Me  =  0.8,  the  8-step  i^del  showed  only 
a  slightly  more  pronounced  effect  on  Du  (Figure  (a))  and  pu'(u'l  than  did  the  2- 
step  model.  The  figure  shows  the  effects  of  the  25-step  model  on  Dn  (Figure  (b)) 

and  pu'lu'l  (Figure  (f))  to  be  quite  significant.  The  effects  on  Pn  and  Un,  and 
T22A-,A:  ai'G  also  noticeable  for  this  kinetics  model  ((Figures  (a),  (b),  and  (c)).  The 
effects  summarized  above  appear  to  correlate  with  previous  observations  [2,3]  on 
the  extent  of  reaction,  as  manifested  in  the  heat  production  by  the  different 
reaction  schemes.  The  concentration  of  radicals  in  the  25-step  model  leads  to 
a  more  rigorous  reaction  (stronger  temperature  effects),  which  is  communicated 
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to  the  velocity  field  and,  hence,  the  turbulence  field,  via  the  equation  of  state. 
The  relatively  strong  effects  of  the  higher  Mach  number  case  is  an  indication  of 
the  interaction  between  low-speed  compressibility  due  to  chemical  reaction  and 
the  compressibility  induced  by  high-speed. 

The  present  work  was  funded  by  the  United  States  National  Science  Foun¬ 
dation,  Grant  CTS-9626413). 
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1  Introduction 

Prediction  of  contaminant  mixing  as  well  as  reacting  turbulent  flows  requires 
deep  understanding  of  the  physics  of  turbulent  mixing.  The  effect  of  compress¬ 
ibility  associated  with  high-speeds,  heterogeneous  composition  and  heat  release 
on  the  structure  of  a  conserved  scalar  is  of  primary  importance  in  advanced 
modeling  of  turbulent  reacting  flows.  Direct  Numerical  Simulation  is  used  to 
study  the  effect  of  these  parameters  in  the  strongly  turbulent  plane  shear  layer 
for  the  cases  of  a  passive  (mixing  case)  and  active  (reacting  case)  scalar.  In  this 
study,  no  approximation  has  been  used  for  the  energy  equation. 

An  approach  to  modeling  is  based  on  the  knowledge  of  the  statistics  of  two 
variables;  a  mixture  fraction  variable,  that  represent  the  state  of  mixing  and 
a  second  variable,  in  this  case  the  scalar  dissipation,  defined  as  2DVC  •  VC, 
in  which  D  is  the  mass  diffusivity,  that  takes  into  account  the  rate  of  mixing. 
These  models  attempt  to  decouple  the  scales  of  turbulence  from  the  chemical 
scales,  usually  several  orders  of  magnitude  smaller  than  the  flow  ones  in  real 
applications  [1,  3,  4,  2,  5]. 

The  convective  Mach  number,  defined  as  Me  =  (Pi  -  U-i)l{c]_  -i-  C2),  where 
the  velocity,  density  and  speed  of  sound  in  stream  i  are  Ui,  pi,  ci  is  used  to 
quantify  compressibility  effects,  in  our  case  all  results  correspond  to  Me  =  0.3. 
The  heat  released  is  represented  by  Ce  =  A/py/,_oo/C'pT’o(l  -I-  0),  where  0  is 
the  equivalence  ratio.  The  single-step,  infinitely  fast  irreversible  combustion  of 
methane  with  air  is  considered, 


CH^  -f  20-2  ^  CO2  +  2H2O  (1) 

The  purpose  of  this  work  is  to  study  the  scalar  statistics  in  a  strongly  tur¬ 
bulent  flow  under  realistic  conditions  of  heat  release  for  the  turbulent  reacting 
shear  layer. 
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Figure  1:  Scalar  pdf  (a)  Ce  =  0,  3.5  and  7  at  t]  =  0.2  and  (b)  77  =  ±0.4. 


2  Results 

The  problem  at  hand  corresponds  to  the  plane  mixing  layer  solved  in  a  com¬ 
putational  domain  that  translates  with  the  mean  velocity  of  the  flow.  This 
configuration  results  in  a  flow  whose  statistical  measurements  depend  on  the 
vertical  coordinate,  X2,  and  time.  It  is  also  known  that  if  enough  time  is  given, 
the  flow  approaches  a  self-similar  state  where  all  averages  depend  only  on  a 
self-similar  variable  defined  as  the  ratio  of  the  vertical  coordinate  to  a  measure 
of  the  thickness  of  the  layer,  in  our  case  ri  =  0:2 where  is  the  vorticity 
thickness.  Simulations  with  grids  as  large  as  256x192x128  and  with  large  evo¬ 
lution  times,  required  to  achieves  self-similarity,  were  performed.  The  Reynolds 
numbers  based  on  vorticity  thickness  reached  values  of  the  order  of  5000  at  the 
end  of  the  different  simulations.  In  the  cases  with  heat  release  a  stoichiometric 
mixture  fraction  value  of  (s  =  0.2  was  fixed  by  diluting  the  fuel  stream  with 
nitrogen.  Values  of  Ce  —  3.5  and  7  were  used  in  the  present  study.  Notice  that 
Ce  =  7  is  the  value  obtained  for  Methane-Air  combustion  at  this  stoichiometry. 
Furthermore,  Favre  averages  will  be  used  in  the  subsequent  plots. 

2.1  Scalar  Pdf 

Figure  1(a)  shows  the  scalar  pdf  at  77  =  0.2  (average  position  of  the  flame) 
for  the  turbulent  shear  layer  in  cases  Ce  =  0,  3.5  and  7.  The  value  of  P(C  = 
Cs;77  —  0.2)  in  both  cases  with  heat  release  are  about  twice  the  value  for  the 
case  without  heat  release.  Figure  1(b)  shows  the  scalar  pdf  at  77  =  ±0.4.  The 
pdf  is  no  longer  symmetric,  since  the  stoichiometric  value  C  =  0-2,  introduces 
an  asymmetry  in  the  mixing  layer.  Another  feature  of  the  reacting  cases  is  that 
external  intermittency  is  suppressed.  These  changes  should  be  considered  when 
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Figure  2:  Scalar  dissipation  (a)  and  scalar  rms  (b)  for  Ce  =  0,  3.5  and  7. 


developing  models  for  reacting  flows.  Moreover,  the  use  of  pdf  measurements 
that  correspond  to  non-reactive  flows  could  lead  to  incorrect  predictions. 


2.2  Scalar  Dissipation  and  Scalar  RMS 

Figure  2(a)  shows  the  unconditional  scalar  dissipation,  x,  normalized  by  vorticity 
thickness,  as  a  function  of  the  coordinate  r/.  It  can  be  seen  that  the  non-reacting 
and  reacting  cases  are  very  similar  when  Su;  is  used  as  the  scaling  parameter. 
A  reduction  in  the  thickness  of  the  unconditional  scalar  dissipation  profile  in 
self-similar  space  is  observed  in  the  cases  with  heat  release.  Figure  2(b)  shows 
scalar  rms  profiles  for  Ce  ~  0,  3.5  and  7.  The  levels  of  scalar  rms  in  the  heat 
release  cases  are  lower  than  the  values  measured  in  the  case  without  heat  release. 

Figure  3(a)  show  the  center-plane  scalar  dissipation  pdf  for  the  three  cases. 
Notice  that  the  pdf  is  a  function  of  ln{x)  in  this  case  and  the  central  region  of  the 
pdf  is  approximately  lognormal.  There  is  no  evidence  of  a  change  in  the  shape 
of  the  scalar  dissipation  pdf  at  the  centerplane  with  heat  release.  In  Figure  3(b) 
the  scalar  dissipation  pdf  is  calculated  at  different  planes  for  the  case  of  Ce  =  7. 
We  observe  that  the  shape  of  the  pdf  does  not  change  with  r]  until  we  reach  the 
boundaries  of  the  mixing  layer,  77  >  0.4. 

3  Conclusions 

In  the  case  of  the  scalar  pdf,  it  is  observed  that  substantial  differences  between 
the  non-reacting  and  reacting  cases  exist.  The  stoichiometric  value  of  0.2  intro¬ 
duces  an  asymmetry  in  the  mixing  layer.  External  intermittency  is  suppressed 
in  the  cases  with  heat  release.  The  choice  of  the  vorticity  thickness  as  a  normal- 
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Figure  3:  Scalar  dissipation  pdf  at  center-plane  for  Ce  =  0,  3.5  and  7  (a)  and 
Ce  =  7  for  difterent  planes  (b). 

i/ing  scale  collapses  the  unconditional  scalar  dissipation  profiles.  A  log-normal 
model  for  the  scalar  dissipation  pdf  seems  to  be  correct  for  planes  located  within 
the  mixing  layer.  In  the  intermittent  region,  this  model  seems  to  be  no  longer 
valid.  Further  studies  to  asses  the  effects  of  compressibility  and  heat  release  on 
the  conditional  scalar  dissipation,  more  important  from  the  modeling  point  of 
view,  are  underway. 
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1  Introduction 

Presumed  probability  density  function  (PDF)  models  for  Large  Eddy  Simula¬ 
tions  of  non-premixed  combustion  systems  [1,  2,  3]  are  based  in  the  description 
of  subgrid  scale  (SGS)  joint  statistics  of  reacting  scalars  as  related  to  the  SGS 
statistics  of  a  conserved  scalar,  namely  the  mixture  fraction  Z.  A  beta-shape 
parametrized  by  the  mean  and  variance  is  usually  assumed  for  the  SGS  statistics 
of  Z,  assumption  that  appears  quite  appropriate  in  LES  [2].  Prediction  of  re¬ 
acting  rates  relies  then  in  the  correct  estimation  of  the  mean  and  variance  of  the 
PDF  of  the  SGS  fluctuations  of  Z,  plus  the  filtered  dissipation  rate  x  that  relates 
mixing_and  chemical  times.  The  mean  value  coincides  with  the  local  large  scale 
value  Z,  and  can  be  directly  computed  in  a  LES.  Different  approaches  have  been 
proposed  to  obtain  the  SGS  variance  and  dissipation.  Among  them  simple  alge¬ 
braic  models  are  very  attractive  for  their  low  cost,  but  they  might  lead  to  a  poor 
representation  of  mixing  by  the  introduction  of  non-physical  relations  between 
variance  and  dissipation.  Adding  an  evolution  equation  for  the  variance  plus  a 
model  for  dissipation  to  the  LES  calculation  would  presumably  better  reproduce 
the  mixing  phenomena. 

2  Variance  definition  and  evolution  equation 

An  ambiguity  in  the  SGS  variance  of  a  scalar  field  as  defined  by  a  filtering 
operation  exists,  with  two  different  expressions: 


appearing  in  literature. 

A  statistical  quantity  such  as  the  variance  is  only  properly  defined  in  relation 
to  a  probability  density  function.  It  can  be  shown  that  while  Z^  -  Z""  corresponds 
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to  the  variance  of  the  filtered  probability  density  function  as  defined  by  Gao  and 
O’Brien  [4],  ^  can  not  correspond  to  any  one  point  PDF  [5]. 

Once  the  proper  definition  established  an  evolution  equation  for  the  variance 
V  =~^  is  easily  obtained  from  the  equation  for  Z  that  reads; 


dV  duiV 
dt  dxi 


dxi  dxi  oxi  dxi 


DISSIPATION  (x)  PRODUCTION 


(1) 


Subgrid  scale  transport  of  scalars  has  been  modeled  by  a  gradient  diffusion 
eddy-diffusivity  model  giving  rise  to  additional  diffusion  and  production  terms, 
while  a.  single  open  term  remains  that  represents  dissipation  of  variance.  The 
competition  between  production  and  dissipation  represents  the  global  variance 
decay  by  mixing.  Independent  models  for  the  variance  and  the  dissipation  that 
do  not  take  this  into  account  would  thus  hardly  be  able  to  reproduce  the  physics 


of  mixing. 


3  Models  for  the  scalar  dissipation 


Inspection  of  equation  1 
as:  [3]: 


shows  that  modeling  the  scalar  dissipation  x 


^  dZ  dz 

x  =  2(n  +  nT)^^ 


2D 


dz  dz 

dx;  dXi 


would  imply  dissipation  and  production  cancelling  out,  what  would  prevent  SGS 
variance  decay  and  complete  mixing  at  the  SGS  level. 

A  simple  alternative  model  can  be  proposed  as  an  extension  of  the  RANS 
modeling  of  dissipation  in  terms  of  a  characteristic  mixing  time  assumed  pro¬ 
portional  to  the  turbulent  mixing  time: 


(2) 

^ 


where  G  is  a  parameter  to  be  determined,  e  is  the  filtered  kinetic  eneigy  dissipa¬ 
tion  rate  =  and  K  stands  for  the  SGS  kinetic  energy  =  1/2  (nUU  -  um). 

An  a  priori  test  of  this  relation  has  been  conducted  by  filtering  results  obtained 
from  DNS  of  a  scalar  mixing  in  homogeneous  isotropic  turbulencewith  box  filters 
fl  and  /2  of  sizes  equal  to  6  and  10  times  the  DNS  grid  size  resp.  Results  for 
the  exact  dissipation  and  its  model  as  given  by  expression  2  are  presented  in 
figure  1.  A  value  of  G  =  1/S'c  =  1/.75  has  been  found  to  best  fit  the  data.  Even 
thought  further  tests  with  different  Schmidt  numbers  are  needed,  for  the  rest  of 
this  work  it  is  assumed  that  G  =  l/5c  =  1/5ct. 

But  in  a  LES,  quantities  such  as  the  SGS  kinetic  energy  or  its  dissipation  rate 
are  not  available.  A  practical  implementation  of  the  proposed  model  would  then 
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have  to  use  approximations  of  k  and  e  derived  from  SGS  turbulence  models.  If 
a  Smagorinsky-type  eddy-viscosity  model  is  used  for  the  SGS  stresses,  and  the 
Yoshizawa  model  is  used  for  the  SGS  kinetic  energy,  the  actual  implementation 
of  the  model  for  x  (assuming  C  =  1/Sct)  would  read: 

zv  +  CsA^lSl) 

ScT  C,a'^ 

what  results  a  well-conditioned  expression,  provided  that  Cj  and  Cs  are  not 
zero. 

A  priori  tests  of  this  model  are  presented  in  figure  2,  in  which  exact  DNS  x 
values  are  compared  to  those  given  by  eq.  3  with  constant  Cj  and  Cs  estimated 
by  averaging.  Though  dynamic  determination  of  parameters  Ci  and  Cs  should 
produce  better  estimates  of  k  and  e,  and  y  closer  to  that  presented  in  figure 
1,  deviation  is  small.  Dissipation  is  accurately  predicted  both  locally  and  on 
average  even  when  roughly  estimated  parameters  are  used.  Further  confirma¬ 
tion  of  the  adequacy  of  the  model  should  be  provided  by  LES  calculations  that 
complement  these  a  priori  tests. 


{z^  -  , 


(3) 


References 

[1]  A.W.  Cook  and  J.  Riley.  A  subgrid  model  for  equilibrium  chemistry  in 
turbulent  flows.  Physics  of  Fluids^  6:2868-2870,  1994. 

[2]  J.  Jimenez,  A.  Linan,  M.M.  Rogers,  and  F.J.  Higuera.  A  priori  testing  of 
subgrid  models  for  chemically  reacting  non-premixed  turbulent  shear  flows. 
Journal  of  Fluid  Mechanics,  349:149-171,  1997. 

[3]  Ch.  D.  Pierce  and  P.  Moin.  A  dynamic  model  for  subgrid  variance  and 
dissipation  rate  of  a  conserved  scalar.  Physics  of  Fluids,  10(12) :3041-3044, 
1998. 

[4]  F.  Gao  and  E.E.  O’Brien.  A  large  eddy  simulation  scheme  for  turbulent 
reacting  flows.  Physics  of  Fluids  A,  5:1282-84,  1993. 

[5]  C.  Jimenez.  Modelizacion  de  flujos  reactivos:  El  metodo  de  la  funcion  den- 
sidad  de  probabilidad  en  simulaciones  de  grandes  escalas.  PhD  thesis,  Uni- 
versidad  de  Zaragoza,  1998. 


444 


C.  Jimenez,  F.  Ducros  and  B.  Cuenot 


LOCAL  DISSIPATION  MODEL  AT  t=1  SGS  DISSIPATION  MODELLING 


Figure  1:  (left)  Scatter  plot  of  instantaneous  values  of  x  it®  model  as  in 
equation  2  for  filter  fl  at  i  =  1  and  (right)  time  evolution  of  their  averaged 
values  for  the  two  filters  fl  and  f2.  Time  is  non-dimensionalized  by  the  eddy 
turn-over  time. 


LOCAL  DISSIPATION  MODEL  at  t=1 


SGS  DISSIPATION  MODEL 


Figure  2:  (left)  Scatter  plot  of  instantaneous  values  of  x  its  model  as  in 
equation  3  with  fixed  parameters  for  filter  fl  at  ^  =  1  and  (right)  time  evolution 
of  their  averaged  values  for  fl  and  f2.  Time  is  non-dimensionalized  by  the  eddy 
turn-over  time. 
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1  Introduction 

While  the  use  of  Reynolds  averaged  methods  in  the  calculation  of  turbulent  re¬ 
acting  counter-flows  has  been  the  focus  of  much  work  [4],  the  extension  of  LES  to 
reacting  flows  in  general  [1  -  3,  6,  7],  and  to  counter-flows  in  particular,  promises 
a  better  description  of  turbulence  and  mixing.  The  aim  of  this  work  is  to  inves¬ 
tigate  the  potential  of  LES  to  describe  density-variable  turbulent  counter-flow 
with  the  view  of  advancing  the  use  of  LES  in  understanding  complex  combustion 
systems. 

In  the  numerical  method,  the  density  is  considered  to  be  independent  of 
pressure.  The  effect  of  heat  release  is  included  by  means  of  a  conserved  scalar 
(mixture  fraction)  combustion  model.  Equilibrium  chemistry  is  assumed  to  re¬ 
late  the  mixture  fraction  to  density,  species  concentrations  and  temperature. 
The  subgrid  distribution  of  the  mixture  fraction  fluctuation  is  presumed  to  have 
the  shape  of  a  /?  function.  To  represent  the  sub-grid  scale  stresses  and  scalar 
flux,  a  Smagorinsky  model  is  used  [9].  The  Smagorinsky  coefficient  is  determined 
by  the  dynamic  Germano  procedure  [3]. 

2  Configuration  and  Computational  Parameters 

The  burner  configurations  studied  in  this  work  are  those  investigated  by  Mas- 
torakos  [5]  and  Sardi  [8] ,  in  which  two  opposed  nozzles  of  diameter  D  are  arranged 
in  line,  separated  by  a  distance  H  (see  Figure  1).  These  nozzles  create  opposed 
jets.  Their  velocities  are  adjusted  to  balance  momentum,  so  that  the  mixing 
layer  is  located  at  half  the  nozzle  distance. 
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Two  straight  pipes  deliver  the  fluid.  Short  upstream  of  the  nozzles,  a  perfo¬ 
rated  plate  excites  reproduceable  turbulence. 

For  the  non-reactive  case,  both  nozzles  spend  plain  air.  In  the  experiments, 
the  mixture  fraction  was  determined  by  measuring  the  local  temperatures  (One 
stream  is  heated  25  degrees  over  ambient).  For  the  reactive  case,  one  nozzle 
spends  methane  instead  of  air,  generating  an  axissymmetric  plane  diffusion  flame 
inbctween  the  nozzles.  In  the  inert  case,  the  coflow  consists  of  air,  for  the  reactive 
case,  it  was  switched  to  Nitrogen. 


Figure  1:  Opposed- Jet  configuration  and  computational  domain 


In  this  simulation,  the  cylindrical  domain  between  the  nozzles  was  investi¬ 
gated.  Its  height  is  defined  by  the  nozzle  distance,  its  radius  was  set  to  approxi¬ 
mately  1.5  times  the  radius  of  the  pipe,  so  that  part  of  the  Co-flow  is  simulated 
as  well.  This  domain  is  discretized  by  104.000  cells  (65  axial,  25  radial,  64 
tangential) . 

The  nozzles  and  the  Co-flows  were  described  by  a  Dirichlet  condition  for  both 
velocity  and  mixture  fraction  and  a  von  Neumann  condition  for  pressure. 

On  the  outer  ring  steady  laminar  flow  is  forced,  whereas  velocities  on  the 
inner  section  fluctuate  corresponding  to  the  turbulent  flow  out  of  the  nozzles. 

With  this  domain  the  turbulent  inflow  condition  is  of  special  importance  for 
the  entire  flow-field,  because  there  is  no  time  for  turbulence  to  develop  before 
approaching  the  area  of  interest  (centerline).  Thus,  it  appeares  to  be  necessary 
to  predict  the  velocity  fields  in  the  wake  of  the  perforated  plate  and  to  copy  these 
velocities  onto  the  inflows.  The  flow  out  of  the  plate  holes  was  described  by  a 
corresponding  velocity  profile  which  was  forced  onto  the  inflow  of  the  feeding 
pipes. 

As  boundary  condition  on  the  cylinder  shell,  a  simple  outflow  condition  was 
used  (Dirichlet-condition  for  pressure,  von  Neumann-type  condition  for  velocities 
and  scalars).  Negative  outflow- velocities  are  cut-off  to  ensure  stability. 


3  Results,  Discussions  and  Conclusions 

For  the  non-reacting  case,  it  was  relied  on  experimental  data  by  K.  Sardi  [8].  The 
case  considered  features  a  Reynolds-number  of  7,500.  The  numerical  solution 
for  the  mixture  fraction  (see  Figure  2)  proves  that  good  results  can  be  achieved 
by  this  approach.  The  fluctuation  peak  value  seems  to  be  predicted  very  well, 
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while  the  fluctuations  out  of  the  middle  are  slightly  overestimated.  Although 
the  experimental  data  presented  in  Figure  2  is  not  really  sufficient  to  draw  such 
conclusions,  they  are  confirmed  by  data- items  acquired  at  an  increased  Reynolds- 
number  of  10,000  (presented  in  [8]  as  well). 


Figure  2:  Axial  development  of  Mix¬ 
ture  fraction  for  the  non-reactive 
case  only 


-0.4  -0.2  0  0.2  0.4 

axial  position  x  {nozzles  at  -1, 1) 


Figure  3:  Axial  development  of  the 
axial  velocity  for  both  reactive  and 
non-reactive  (NR)  case 


For  the  reactive  case,  the  experimental  data  presented  was  taken  from  Mas- 
torakos  work  [6].  The  case  presented  here  is  just  slightly  over-critical  ~  featuring 
a  pipe  Reynolds  number  of  only  2,640  for  the  air  jet.  The  Reynolds  number 
of  the  methane  jet  is  almost  identical,  so  that  turbulence  in  both  jets  is  pretty 
much  the  same.  Focusing  on  combustion,  on  turbulence-chemistry  interaction  in 
particular,  a  good  overall  agreement  of  the  flow  and  mixing  field  is  a  prerequi¬ 
site.  The  non-reactive  computations  (see  Figure  2)  proved  that  this  can  be  well 
achieved. 


Figure  4:  Standard  deviation  of  the 
axial  velocity  for  the  reactive  case 


Figure  5:  Axial  development  of  the 
mean  temperature  {reactive  case) 


Figure  3  shows  the  axial  velocities  plotted  along  the  center-line.  The  x- 
coordinate  of  -1  again  corresponds  to  the  left  nozzle,  spending  air,  -f  1  to  the 
right  one,  spending  methane.  Obviously,  the  methane  must  stream  fastei  to 
balance  momentum.  Comparing  this  curve  to  the  numerical  results  for  the  non- 
reactive  case  (experimental  data  are  not  shown),  one  finds  a  peak  at  -0.1.  This 
describes  the  fluid  particles  expansion  after  their  ignition.  Moreover,  this  shows 
how  combustion  influences  the  velocity-field.  Figure  4  shows  the  standard  devia¬ 
tion  of  the  axial  velocities.  It  is  interesting  to  find  a  minimum  of  axial  velocities 
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fluctuation  at  the  location  of  the  axial  velocities  peak,  as  determied  by  exper¬ 
iments.  The  maximum  of  fluctuation  is  reached  on  the  rich  side  of  the  mixing 
layer.  This  is  due  to  the  combustion  influence. 

Finally,  the  temperature  profile  along  the  domains  centerline  is  presented  in 
Figure  5.  Comparing  the  computational  results  to  experimental  data,  one  finds 
that  width  and  temperature  of  the  flame  are  underestimated  and  its  location  is 
computed  too  far  at  left.  This  confirms  that  the  width  of  the  mixing  layer  is 
predicted  too  small  for  the  reactive  case  -  giving  a  hint  on  insufficient  turbulent 
mixing.  Certainly,  the  simple  chemistry  model  applied  for  this  case  is  not  ca¬ 
pable  to  fully  describe  non-equilibrium  phenomena  linked  to  the  combustion  of 
methane.  However,  it  could  be  shown  that  the  combustion  strongly  influences 
turbulence  and  mixing. 

Finally,  it  shall  be  stressed  that  the  entire  turbulent  flow  fields  were  computed 
by  LES.  No  experimental  data  was  used  to  describe  the  boundary  conditions. 
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1  Introduction 

Large  Eddy  Simulation  (LES)  where  large  scale  motions  are  resolved,  appears 
as  a  very  promising  tool  for  numerical  simulations  in  turbulent  combustion  be¬ 
cause  most  reacting  flow  fields  exhibit  large  scale  coherent  structures.  A  better 
description  of  turbulence  /  combustion  interactions  is  also  expected  because,  at 
any  time,  fresh  and  burnt  gases  regions,  where  turbulence  may  be  different,  are 
clearly  identified  at  the  resolved  scale  level. 

The  chemical  reaction  is  described  using  a  progress  variable  c  (c  =  0  in  fresh 
gases  and  c  =  1  in  fully  burnt  ones),  assuming  unity  Lewis  number  and  adiabatic 
combustion.  Applying  a  LES  filter  to  the  c  balance  equation  leads  to: 


^  +  V  •  (pGc)  -h  V  •  p[^c  -  uc)  =  V  •  (pT>Vc)  -f  chc  =  piv\Vc\  (1) 

w’here  Q  denotes  filtered  quantities  and  pQ  =  pQ.  D  is  the  molecular  diffusivity, 
ujc  the  instantaneous  reaction  rate  and  w  is  the  propagation  speed  of  the  flame 
front  relatively  to  the  flow.  Terms  in  Eq.  1  correspond  respectively  to  unsteady 
effects,  convection  by  the  resolved  flow  field,  convection  due  to  unresolved  flow 
motions,  filtered  molecular  fluxes,  filtered  reaction  rate  and  flame  front  displace¬ 
ment.  These  last  four  terms  are  unclosed  and  require  modeling.  The  filtered 
progress  variable  c  is  numerically  resolved  using  a  gaussian  filter  larger  than  the 
computational  mesh  size  [1]. 

2  Modeling 

The  flame  front  displacement  may  be  modeled  introducing  the  sub  grid  scale 
flame  surface  density  E  (i.e.  the  subgrid  scale  flame  surface  per  unit  volume): 

pw\Wc\  =  (piv)s^  =  {pw)s  s  I  Vc|  (2) 
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wlierc  E!  denotes  the  subgrid-scale  flame  front  wrinkling  factor  (i.e.  the  sub- 
grid  scale  flame  surface,  divided  by  its  projection  in  the  resolved  propagating 
direction).  The  flame  displacement  speed  averaged  along  the  subgrid  scale  flame 
surface,  {pw)^  is  modeled  as  (piv)^  =  PuSl,  where  pu  is  the  fresh  gases  density 
and  Sl  the  laminar  flame  speed.  Balance  equations  may  be  derived  for  S  or  5 
but  an  algebraic  expression  is  retained  here  [1,  2]: 


S 


s  5(1^ 

V  TT  A 


(3) 


where  A  is  the  LES  filter  size.  This  expression  is  similar  to  the  Bray-Moss-Libby 
expression  used  in  RANS  [3]. 

The  unresolved  scalar  flux,  p(uc  -  uc)  is,  unfortunatelly,  non-zero  for  a  lam¬ 
inar  flame  because  of  thermal  expansion.  For  a  one-dimensional  steady  propa¬ 
gating  laminar  flame,  p(5c  —  uc)  =  PuSl{c  —  c)  is  counter-gradient  and  cannot 
be  neglected.  In  a  first  step,  this  laminar  contribution  is  combined  with  the 
modeled  filtered  reaction  rate  and  the  final  equation  is  written  [2]: 


dpc 

dt 


+  V  •  (puc)  =  V  • 


+  ^PuSl^ 


IJ  g(l  -c) 
V  TT  A 


(4) 


whea-e  /q  is  the  turbulent  viscosity,  provided  by  the  subgrid  scale  turbulence 
flltca-ed  Smagorinsky  model,  and  a/  a  turbulent  Schmidt  number.  The  diffusion 
term,  deriveal  from  a  KPP  analysis  (sec  [4])  has  been  added  in  Eep  4  to  ensure 
a  correct  laminar  flame  propagation  when  turbulence  vanishes  and  to  control 
the  resolved  flame  thickness  [2].  E  could  be  estimated  as  in  the  G-equation 
context  [5]  from  the  subgrid  turbulence  rms  velocity,  u'^,  but,  both  in  DNS  [1] 
and  experiments  [2],  the  wrinkling  factor  has  been  found  to  remain  quite  low 
(1  <  E  <  1.5,  when  a  planar  laminar  flame  corresponds  to  E  =  1)  and  is  assumed 
to  be  constant  in  a  first  step. 


3  Numerical  simulations 

Simulations  have  been  performed  using  a  fully  compressible  code,  AVBP ,  based 
on  a  cell  vertex  finite  volume  scheme  resolving  the  Navicr  Stokes  equations 
[6].  The  numerical  configuration  corresponds  to  a  V-shaped  premixed  turbu¬ 
lent  flame  stabilized  behing  a  triangular  flame  holder  (50  %  blockage  ratio,  inlet 
velocity  Uin  =  5.75  m/s,  equivalence  ratio  (f)  =  0.65)  [7]. 

Figure  3  displays  an  instantaneous  snapshot  of  the  filtered  progress  variable 
c.  Averaging  along  time  allow  to  recover  the  mean  progress  variable  field  that 
should  be  predicted  by  RANS  simulations  (Fig.  3). 

Turl)ulcnt  progress  variable  fluxes,  requiring  models  in  RANS  simulations  are 
due  to  the  scalar  transport  by  LES  resolved  motions  (but  unresolved  in  RANS) 
and  to  the  unresolved  LES  scalar  transport.  The  first  contribution,  extracted 
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Figure  1:  Instantaneous  field  of  the  reaction  progress  variable  c. 


Figure  2:  Time  averaged  progress  variable  field. 


from  LES,  is  displayed  on  Fig.  3.  Gradient  scalar  transport,  found  close  to 
the  flame-holder,  is  progressively  remplaced  by  counter-gradient  features  when 
moving  downstream,  as  already  described  in  [8].  This  finding  shows  that,  despite 
of  simple  subgrid  scale  models,  LES  is  able  to  predict  counter-gradient  transport 
due  to  the  dynamic  of  resolved  large  structures,  evidencing  a  better  turbulent 
combustion  description  than  in  RANS.  Such  a  prediction  would  require  a  fully 
second-order  turbulence  fluxes  modeling  in  RANS. 


0.020  - 


-0.030 

-0 


-0.005 


0.005 


0.015 


Figure  3:  Transverse  resolved  turbulent  flux  profiles  {kglm^js)  for  various  down¬ 
stream  locations:  2  cm  ( - ),  6  cm  ( - )  and  10  cm  (  )  behind  the  flame 

holder.  'pu"c"  >  0  indicates  counter-gradient  transport. 
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4  Conclusion 

An  algebraic  flame  surface  density  subgrid  scale  model  is  tested  for  large  eddy 
simulations  of  a  turbulent  premixed  flame  stabilized  behind  a  flame  holder.  Very 
promising  results  are  achieved  and  show  that  counter-gradient  transport,  at  least 
at  the  resolved  scale  level,  is  easily  recover  in  LES,  even  using  quite  simple  sub¬ 
grid  scale  models.  Such  a  prediction  would  be  very  difficult  in  RANS  simulations, 
requiring  a  second  order  modeling  for  turbulent  fluxes. 

Numerical  simulation  have  been  performed  at  IDRIS  (Institut  du  Developpement 
et  des  Ressourccs  en  Informatique  Scientifique),  Orsay,  France.  The  authors 
gracefully  aknowledge  the  support  of  CERFACS  (Toulouse,  France),  and  espe¬ 
cially  T.  Schonfeld,  A.  Angelbcrger  and  0.  Colin,  in  the  use  of  the  AVBP  code. 
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1  Introduction 

Rough  wall  boundary  layers  have  been  studied  in  both  the  engineering  and  the 
atmospheric  contexts  for  decades.  In  the  ‘inertial  sub-layer’  (IS),  as  the  log-law 
region  is  sometimes  called,  the  flow  is  spatially  homogeneous  in  planes  parallel 
to  the  surface,  just  as  it  is  in  a  smooth  wall  boundary  layer.  However,  there  is 
always  a  region  below  IS  in  which  the  mean  flow  is  horizontally  inhomogeneous, 
with  the  scale  and  vertical  extent  of  the  inhomogeneities  being  dependent  on 
the  geometry  of  the  rough  surface.  Much  of  the  classical  work  on  rough  wall 
boundary  layers  in  the  engineering  context  was  done  using  sand-grain  roughness, 
for  which  the  depth,  di  sa}^  of  the  inhomogeneous  region  (the  ’roughness  sub¬ 
layer’,  RS,  Raupach  et  al,  1991)  is  very  small  compared  to  the  boundary  layer 
depth  and  thus  the  RS  can  often  be  ignored. 

In  the  atmospheric  boundary  layer,  however,  the  roughness  elements  (height 
h)  are  frequently  not  very  closely  spaced  and,  furthermore,  they  may  be  quite 
large,  covering  a  significant  fraction  of  the  boundary  layer  depth.  (In  extreme 
cases  an  inertial  region  may  not  exist  at  all).  The  RS  may  be  2-5/?.  in  depth 
(e.g.  Rotach,  1993)  and  meteorological  measurements  are  often  taken  in  that 
region.  There  are  fundamental  questions  about  the  nature  of  the  turbulent  flow 
in  the  roughness  sub-layer  and,  indeed,  above  it.  For  example,  are  the  turbulence 
statistics  in  the  log-law  region  really  independent  of  the  flow  in  the  roughness 
sub-layer  and  how  do  the  turbulent  eddies  generated  by  the  roughness  elements 
themselves  interact  with  (or  determine)  the  typical  eddy  structures  in  the  log-law 
region  and  above? 

For  roughness  of  ver}^  large  scale  (hills  and  mountains)  it  is  known  that 
although  the  usual  log-law  does  not  always  exist,  vertical  mean  velocity  profiles 
may  be  logarithmic  if,  at  each  height,  the  velocity  is  obtained  via  an  area  average 
(Wood  &  Mason,  1993).  In  those  circumstances,  the  shear  velocity,  u*,  deduced 
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from  such  profiles  precisely  reflects  the  total  surface  drag.  It  seems  at  least 
possible,  but  has  never  been  demonstrated,  that  area-averaged  velocity  profiles  in 
the  roughness  sub-layer  over  a  flat  surface  covered  with  three-dimensional  arrays 
of  roughness  elements  (i.e.  an  urban-type  surface)  might  also  be  logarithmic, 
blending  continuously  with  the  genuine  inertial  region  above.  The  degree  to 
which  area  averages  of  the  turbulence  stresses  in  the  roughness  sub-layer  may 
be  useful  is  unknown  but  it  seems  likely  that  to  understand  the  generation 
and  development  of  the  surface  layer  eddy  structures  (and  thus  processes  like 
pollutant  dispersion  from  within  urban  canopies)  consideration  of  local  (un¬ 
averaged)  turbulence  energy  balances  will  be  necessary  (as  in  the  case  of  plant 
canopies,  Kaimal  &  Finnigan,  1994). 

We  report  results  of  the  initial  stages  of  a  more  detailed  experimental  study 
of  roughness  sub-layers  than  has  previously  been  attempted  in  the  laboratory. 


2  Experimental  Arrangements 

A  boundary  layer  was  grown  over  20mm  hardwood  cubes  arranged  in  a  staggered 
array  (see  figure  1)  on  the  floor  of  the  A-tunnel  in  the  EnFlo  laboratory.  Univer¬ 
sity  of  Surrey.  The  working  section  has  a  cross-section  of  0.9  x  0.6m  and  most 
measurements  were  obtained  some  3m  downstream  of  the  start  of  the  rough¬ 
ness,  whith  was  mounted  on  a  6mm  baseboard  with  a  fared  leading  edge.  Note 
that  the  flow  was  naturally  grown  so  there  was  no  confusion  about  the  resid¬ 
ual  influence  of  artificial  turbulence  generators  on  details  of  the  boundary  layer 
structure.  At  the  measurement  location  the  boundary  layer  depth  was  about 
160mm.  Laser-doppler  anemometry  and  120^  included  angle  crossed  hot  wire 
anemometry  (with  high  turbulence  corrections)  were  used  in  order  to  minimise 
the  measurement  errors  as  far  as  possible. 

All  the  anemometry  was  driven  on-line  from  a  Macintosh  computer  running 
comprehensive  calibration  and  measurement  routines  developed  in-house  using 
the  programming  package  LabVIEW.  If  hot  wire  data  (mean  velocities)  differed 
between  the  beginning  and  end  of  an  individual  profile  by  more  than  about  1% 
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Figure  1:  Geometric  arrangement  of  the  rough¬ 
ness  array.  20mm  cubes  on  a  grid  of  40mm 
side.  Dots  denote  locations  of  the  25  vertical 
traverses;  crosses  are  the  locations  of  the  four 
’sample’  positions. 
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they  were  rejected.  Measurements  of  the  surface’s  form  drag  were  also  made  by 
fitting  a  special  brass  cube  (roughness  element)  with  numerous  0.6mm  pressure 
taps  located  at  appropriate  positions  on  the  front  and  rear  faces  and  using  a 
scani valve  system  to  obtain  mean  pressure  data  and  thus  the  drag  by  integration. 


3  Results 

Profiles  of  mean  velocity  and  Reynolds  stresses  through  the  entire  boundary 
layer  had  the  expected  shapes  and  in  the  interests  of  space  are  not  shown  here. 
We  concentrate  on  the  region  h  <  z  <  2.5h,  which  encompassed  a  log-law 
region  (1.7h  <  z  <  2.5/i)  and  a  roughness  sub-layer  below  it.  Examples  of  the 
longitudinal  normal  stress  and  the  shear  stress  are  shown  in  figure  2,  obtained 
at  the  four  sampling  locations  shown  in  figure  1.  The  plots  emphasise  that 
spatial  homogeneity  is  established  by  about  2:=35mm  (1.7/i),  so  that  in  this 
case  di=1.7h,  measuring  di  from  .2^=0  -  the  ’ground’.  Below  this  height  the 
stress  profiles  are  strongly  dependent  on  location  -  just  as  they  would  be  in  the 
(unmeasured)  region  below  the  element  height  (i.e.  z  <  h  =  20mm).  The  mean 
flow  profiles  at  these  locations  cannot  be  sensibly  fitted  to  a  log-law  even  using 
plausible  values  of  w*  and  displacement  height  d  (see  below). 

To  test  the  hypothesis  that  area-averaged  mean  flow  profiles  could  be  so 
fitted,  and  recognising  the  degree  of  variability  in  the  mean  flow  within  the  sub¬ 
layer,  a  comprehensive  set  of  vertical  profiles  were  obtained  at  the  25  locations 
on  a  square  mesh  of  grid  size  h/2  covering  a  single  roughness  array  unit  of  side 
2h  (see  figure  1).  For  each  quantity  (mean  velocity  and  all  Reynolds  stresses) 


Figure  2:  Reynolds  stress  profiles  at  the  four  sample  points.  Average  profiles 
from  these  and  from  all  25  profiles  are  also  shown.  The  dotted  line  is  the  wall 
stress  deduced  from  the  pressure  drag. 
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the  25  values  obtained  at  each  height  were  then  averaged.  Figure  2  includes  the 
resulting  area-averaged  profiles  and  also  includes  the  profiles  deduced  by  aver¬ 
aging  just  the  four  individual  profiles  shown.  These  two  averaging  methods  lead 
to  broadly  similar  profiles  although  the  differences  are  not  always  insignificant. 

On  the  assumption  that  the  viscous  contribution  to  the  surface  drag  will 
be  negligible  for  this  surface,  the  profile  drag  data  obtained  from  the  pressure- 
tapped  eknnent  can  be  used  to  deduce  u*.  The  result  is  included  in  the  shear 
stress  i)lot  of  figure  2  and  it  is  clear  that  this  value  is  significantly  higher  than  it 
would  be  if  it  were  deduced  from  the  shear  stress  data  in  the  inertial  sub-layer 
(35  <  z  <  507/7-7/0 •  On  the  other  hand,  it  is  close  to  the  value  that  would  be 
dc^duced  by  vertically  averaging  the  (averaged)  shear  stress  profiles  within  the 
roughness  su])-la.yer.  An  excellent  fit  to  the  averaged  mean  velocity  profile  was 
obtained  u])  to  2:=50inm  using  the  u*  deduced  from  the  pressure  data;  a  best- 
fit  proccKlure  gave  //= 18.5mm  and  a  of  1.22niin.  Fits  using  alternative  u* 
values,  like  that  deduced  from  the  sliear  stress  data  in  the  homogeneous  inertial 
region,  are  noticeably  worse  and  imply  a  negative  viscous  contribution  to  the 
total  surface  drag.  This  seems  unlikely,  although  it  is  not  impossildc'  a  priori. 

The  averaged  stress  profiles  indicate  large  variations  in  the  turbulence  statis¬ 
tics  and  in  structure  functions  like  uw/'ii'n)'  through  the  roughness  sub-layer. 
This  is  of  course  in  distinct  contrast  to  the  turbulence  in  the  inertial  sub-layer 
and  imi)lies  that,  for  (ixample,  standard  similarity  relationships  will  not  be  suf- 
fienmt  for  characterisation  of  the  flow  and  disp(usion  characteristics  near  the 
surfh.ee. 

4  Conclusions 

Th(^  results  confirm  that  relatively  isolated  measurements  in  urban  roughness 
sub-layers  are  not  adeciuate  for  proper  characterisation  of  the  surface  fluxes  nor 
(^ven  for  the  detca’inination  of  the  mean  in'Operties  (u*,  d  and  Zo)  describing  the 
surface  drag.  Issues  like  those  mentioned  earlier  aix'  the  sulyject  of  ongoing  work. 
W('  thank  the’  Natural  Environment  R.esearch  Council  for  their  suj)port. 
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1  Introduction 

The  behavior  of  fluctuations  of  the  wall  flow  variables  in  a  turbulent  boundary 
layer  with  transverse  curvature  is  of  fundamental  importance  in  many  practi¬ 
cal  applications  involving  flow-induced  noise,  drag  and  heat  transfer.  In  flow- 
induced  noise  research,  it  is  very  important  to  know  the  space- time  character¬ 
istics  of  the  wall  pressure  and  shear-stress  fluctuations  because  they  are  closely 
related  to  the  generation  of  dipole  noise([l]).  The  instantaneous  wall  pressure 
and  shear  stresses  are  signatures  of  the  phenomena  occurring  above  the  wall, 
and  thus  there  have  been  many  studies  of  the  behavior  of  the  wall  flow  variables 
for  a  flat  turbulent  boundary  layer([2])  as  well  as  an  axial  turbulent  boundary 
layer ([3]).  Most  of  them,  however,  have  focused  on  the  wall  pressure  fluctuations 
in  turbulent  boundary  layers,  and  relatively  few  detailed  measurements  of  the 
wall  shear-stress  fluctuations  have  been  made.  In  general,  the  complete  wall 
shear-stress  spectral  data  needed  for  the  above  mentioned  research  efforts  are 
still  lacking. 

The  main  objective  of  this  work  is  to  compute  the  complete  (three-dimensional) 
wall  shear-stress  spectra,  as  a  function  of  streamwisc  and  spanwise  wavenum¬ 
bers  and  frequency,  using  data  from  direct  numerical  simulation  of  turbulent 
boundary  layer  with  transverse  curvature. 

For  the  direct  numerical  simulation,  a  computational  mesh  of  64  x  93  x  192 
grid  points  is  used  in  the  circumferential  (,ti),  wall-normal  (x'-i),  and  streamwise 
(.7:3)  directions,  respectively.  The  computational  box  has  dimensions  of  2tt8  xSx 
AttS  in  the  circumferential,  wall-normal,  and  streamwise  directions,  respectively. 
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Figure  1:  Spectra  of  the  wall  shear-stress  and  pressure  fluctuations:  frequency 
(left);  streamwise  and  transverse  wavenumbers  (right). 


where  (5  is  the  boundary  layer  thickness.  The  Reynolds  number  based  on  the 
free-stream  velocity  and  boundary  layer  thickness  is  3,400,  and  the  ratio  of  the 
boundary  layer  thickness  to  the  radius  of  curvature  is  5. 


2  Power  spectrum 

The  power  spectrum  as  a  function  of  the  frequency  is  calculated  using  a  similar 
method  as  in  Jeon  et  al.([4]).  The  fully  developed  velocity  flelds  in  a  turbulent 
boundary  layer  with  transverse  curvature  is  used  as  an  initial  condition,  and  the 
Navier-Stokes  equations  are  integrated  forward  in  time  and  the  shear  stresses  and 
pressure  at  the  wall  are  stored  every  time  step.  The  total  record  of  =  1,344 
time  samples  is  divided  into  12  overlapping  segments  (with  50  %  overlap),  each 
containing  384  points.  The  shear-stress  fluctuations  at  the  wall  as  well  as  wall 
pressure  fluctuations  are  Fourier  transformed  in  space  and  time  and  the  power 
spectral  densities  are  computed.  One-  and  two-dimensional  power  spectra  are 
obtained  by  integrating  the  power  spectral  density  over  the  remaining  one  or 
two  variables.  Auto-correlation  functions  are  obtained  by  the  inverse  Fourier 
transformation. 

Figure  1  shows  the  one-dimensional  power  spectra  of  the  wall  shear-stress 
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Figure  2:  Contours  of  $(A;3,a;):  n  (left);  ra  (center);  (right).  Contour  levels 
are  distributed  from  10“^  to  10“®. 


and  pressure  fluctuations.  The  one-dimensional  frequency  power  spectrum  of 
the  transverse  wall  shear  stress  (ri)  is  nearly  constant  at  low  frequencies,  while 
that  of  the  streamwise  wall  shear  stress  (ra)  decreases  as  the  frequency  in¬ 
creases.  The  streamwise- wavenumber  (/ca)  power  spectrum  has  similar  character¬ 
istics  as  the  frequency  power  spectrum.  The  similarity  between  the  streamwise- 
wavenumber  and  frequency  power  spectra  is  due  to  the  convective  nature  of  the 
wall  shear-stress  fluctuations.  On  the  other  hand,  the  spanwise- wavenumber  (ki) 
power  spectrum  is  very  different  from  other  power  spectra  in  that  it  increases 
as  the  wavenumber  increases  at  low  wavenumbers.  It  is  shown  in  Figure  1 
that  (p(ks)  >  (p{ki)  at  low  wavenumbers  but  (f){ki)  >  4>{k^)  relatively  high 
wavenumbers,  indicating  that  large-scale  fluctuations  are  more  energetic  in  the 
streamwise  direction,  while  small-scale  fluctuations  are  more  energetic  in  the 
transverse  direction. 

Figure  2  shows  the  frequency /streamwise  wavenumber  spectra  ^{k3,u)  of 
the  wall  flow  variables.  The  contours  are  thin  band-shaped  and  show  strong 
convective  nature  of  the  wall  variables.  The  contribution  of  large-scale  fluctua¬ 
tions  to  the  rms  value  is  largest  for  streamwise  wall  shear  stress,  while  that  of 
small-scale  fluctuations  to  the  rms  value  is  largest  for  wall  pressure. 

Figure  3  shows  the  two-point  auto-correlations  of  the  wall  flow  variables  as 
functions  of  the  streamwise  and  spanwise  separations.  It  clearly  shows  that  the 
spatial  distributions  of  the  wall  shear-stress  fluctuations  are  very  different  from 
that  of  the  wall  pressure  fluctuations.  Negative  streamwise  correlation  occurs  for 
wall  pressure  and  transverse  wall  shear  stress,  but  negative  spanwise  correlation 
occurs  for  both  wall  shear  stresses.  The  instantaneous  flow  patterns  and  contour- 
plots  of  correlations  in  space  have  the  same  characteristics.  The  contours  of  the 
two-point  correlations  of  the  wall  flow  variables  in  the  streamwise  direction  and 
time  are  shaped  in  narrow  bands  and  show  the  strong  convective  property  of  the 
wall  flow  variables. 
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Figure  3:  Two-point  aiito-corrclations  as  functions  of  the  streamwise  and  span- 
wise  separation  distances  :  7-3'  (left);  7-/‘  (right). 


3  Conclusions 

•  At  low  wa,ve  numbers  and  frequencies,  the  power  of  is  lager  than  that  of 
Tj ,  while  the  powers  of  and  T]  are  almost  the  same  at  high  wa.venumbers 
and  frequencies. 

•  The  frequency/streamwise  wavenuml^er  spectra  4>(A;3,ca)  of  the  wall  flow 
variables  show  that  large-scale  fluctuations  to  the  rms  value  is  largest  for 

while  that  of  small-scale  fluctuations  to  the  rms  value  is  largest  for  7;^,,. 

•  In  the  two-point  auto-correlations,  negative  correlation  occurs  in  stream- 
wis(^  separations  for  pa,  and  ri,  and  in  spanwise  correlation  for  ri  and 
r-A. 

Supports  from  the  Underwater  Acoustics  Research  Center  and  the  Creative  Re¬ 
search  Initiatives  of  the  Korean  Ministry  of  Science  and  Technology  are  gratefully 
a.c:knowledged. 
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1  Introduction 

We  investigate  low-Reynolds  number  turbulent  flow  in  a  plane  channel  with  one 
impermeable  and  one  porous  wall.  Both  walls  satisfy  the  no-slip  condition,  but 
the  wall-normal  velocity  v  at  the  porous  surface  (for  which  7/  =  0)  is  proportional 
(and  of  the  opposite  sign)  to  the  pressure  fluctuations  p’  with  respect  to  the 
local  mean  at  a  given  streamwise  location,  viz. 

v(7/  =  0)  =  ^Pp'{y  =  0),  where  p'{x,y,z)  =p{x,y,z)  -p{x)  .  (1) 

The  wall  transpiration  is  therefore  mass-less,  i.e.  its  integral  over  the  wall  plane 
vanishes.  This  configuration  is  a  model  for  a  passive  control  device  to  delay 
boundary  layer  separation  under  adverse  pressure  gradients.  What  is  required 
in  that  case  is  an  increase  of  the  local  friction  coefficient,  which  eventually  results 
in  a  lower  form  factor,  and  in  a  more  resilient  boundary  layer.  Our  purpose  here 
is  to  clarify  the  mechanism  by  which  the  porosity  of  the  boundary  affects  the 
near- wall  turbulence  statistics. 

We  Ivcxyc  performed  a  series  of  direct  numerical  simulations  at  a  nominal 
Reynolds  number  of  190  (based  on  the  channel  half- width  Ji  and  on  the  friction 
velocity  Ur  of  the  fully  impermeable  case),  in  boxes  of  size  of  8.17/i  and  3.14/?.  in 
streamwise  (.7:)  and  spanwisc  {z)  directions,  respectively,  and  using  a  Fourier /- 
fourth-order  B-spline  method  [1].  The  spacing  of  the  collocation  points  after 
dealiasing  was  less  than  10  x  5  wall  units  in  the  homogeneous  directions;  the 
grid  size  ranges  between  0.4-4  in  the  wall-normal  direction.  Several  porosity 
levels  (3  were  analyzed,  all  belonging  to  a  regime  where  no  noteworthy  local  flow 
reversal  is  observed. 

2  Results 

The  results  show  a  40%  increase  of  skin  friction  for  an  rms  transpiration  intensity 
of  O.lTur,  a  substantial  increase  in  overall  turbulence  intensities,  and  a  decrease 
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Figure  1:  (Top)  Instantaneous  streamlines  of  the  spanwise-averaged  velocity 
fluctuations,  (centre)  spanwise-averaged  wall-transpiration  and  (bottom) 
spanwise-averaged  skin  friction  c/  on  the  porous,  lower  wall  of  the  simulated 
channel  flow. 


of  the  shape  factor  of  the  mean  profile  (cf.  earlier  experimental  results  in  [2]). 

Two-point  autocorrelations  of  the  velocity  components  reveal  the  presence 
of  strong  spanwise-coherent  structures  at  large  (wall-normal  and  streamwise) 
scales,  of  size  0{h).  Instantaneous  visualizations  (figure  1)  confirm  that  this 
coherent  motion  is  formed  by  alternating  ‘roller’  vortices  which  lag  slightly  with 
respect  to  the  wall  transpiration  Vuj,  and  which  penetrate  far  into  the  core  flow. 
Spatio-temporal  correlations  show  that  their  streamwise  phase  velocity  is  of  the 
order  of  12.5  Wr  which  in  turn  is  comparable  to  the  advection  speed  of  the  buffer 
layer  structures  [3].  The  intensity  of  the  rolls  is  0{ur)  and,  as  a  consequence,  the 
buffer  zone  and  the  sublayer  are  alternately  accelerated  and  decelerated,  being 
periodically  energized  and  almost  laminarized  along  spanwise-coherent  strips; 
the  instantaneous  spanwise-averaged  skin  friction  shows  a  corresponding  cyclic 
variation  along  the  streamwise  direction  (figure  1).  Locally,  skin  friction  and 
transpiration  exhibit  a  clear  correlation  which  is  shown  in  figure  2  by  means 
of  the  histogram  of  their  joint  probability  density.  From  the  regression  of  the 
data  it  can  be  deduced  that  at  points  of  fluid  injection  (i^i^  >  0)  skin  friction  de¬ 
creases  by  an  amount  that  is  smaller  than  the  increase  at  points  of  equally  strong- 
suction.  The  non-linearity  of  this  correlation  leads  to  the  observed  increase  in 
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Figure  2:  Histogram  of  the  joint  probability  density  function  of  the  spanwise- 
averaged  skin  friction  c/  and  spanwise- averaged  wail-transpiration  v{y  =  Q).  The 

isolines  are:  -  ,  10°; - ,  10°'^;  .  ,  10^;  — • —  ,  10^-^.  The  thick 

solid  line  is  a  quadratic  regression  obtained  by  a  least-squares  fit  of  the  data. 


overall  drag.  This  situation  is  consistent  with  results  from  cases  with  spatially 
uniform  suction/blowing  (cf.  [4]  and  references  therein)  and  can  be  shown  to 
hold  qualitatively  in  the  laminar  regime. 

The  linear  analysis  of  the  mean  velocity  profile  (taking  into  account  ‘back¬ 
ground  turbulence’  through  an  eddy  viscosity  ansatz)  shows  that  the  flow  near 
a  porous  wall  is  unstable  with  respect  to  two-dimensional  eigenfunctions,  whose 
qualitative  shape  and  phase  velocity  are  close  to  those  of  the  fully  non-linear 
perturbations;  the  basic  mechanism  is  inviscid  and  similar  to  the  instability  of 
a  plane  wake,  and  is  also  present  in  simpler  profiles,  such  as  in  a  confined  layer 
of  constant  shear  near  the  wall. 

We  have  performed  further  experiments  in  which  spanwise-coherent  wall 
transpiration,  and  the  resulting  rolls,  were  externally  imposed  {active  control) 
using  a  simple  streamwise  sinusoidal  distribution.  They  lead  to  quantitatively 
comparable  increments  in  drag  (figure  3).  Note  that,  because  the  large-scale 
motion  is  the  result  of  an  intrinsic  flow  instability,  active  control  requires  only  a 
net  negative  energy  expenditure. 


3  Conclusions 

The  mechanism  of  turbulence  enhancement  and  drag  increase  at  porous  bound¬ 
aries,  with  applications  to  separation  control,  was  shown  to  be  due  to  large-scale 
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Figure  3:  Increase  in  wall  friction  as  a  function  of  the  r.m.s.  transpiration 
velocity  at  the  wall,  o  ,  porous  wall;  A  ,  sinusoidally  forced  ones. 


spanwise-coherent  structures  possibly  arising  from  an  inviscid,  two-dimensional 
instability  of  the  mean  profile.  Alternatively,  active  generation  of  spanwise- 
coherent,  stream  wise-sinusoidal,  mass-less  transpiration  can  yield  a.  similar  ef- 
lect.  In  the  present  strategy  there  is  no  need  for  fine-grained  localized  flow 
sensors.  Accompanying  laboratory  experiments  are  currently  being  undertaken 
at  LML,  Ecole  Centrale  de  Lille,  France. 

This  work  was  supported  in  part  by  the  Brite/AeroMems  consortium,  and 
by  the  Spanish  CICYT  under  contract  PB95-0159.  G.K.  received  additional 
support  from  the  Japanese  Ministry  of  Education,  Science  and  Culture. 
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We  consider  the  incompressible  flow  in  the  turbulent  boundary  layer  on  a 
smooth  flat  plate  in  a  uniform  stream  with  a  constant  velocity  Uc  at  the  outer 
edge  of  the  boundary  layer.  We  assume  that  the  injection/suction  velocity,  di¬ 
rected  along  the  normal  to  the  surface,  is  variable  along  the  plate  and  n  =  Vw{x)^ 
where  x  is  the  distance  from  the  leading  edge.  The  function  n,„(.T;)  is  assumed 
to  vary  slowly  such  that  the  parameter  ^  \vw\/d\nx  is  of  order  of 

unity.  Here,  B  =  Vu,/Uc  is  the  injection/suction  parameter. 

The  local  closure  hypothesis  of  a  general  form  is  formulated,  which  implies 
the  dependence  of  the  shear  stress  on  the  partial  derivatives  of  any  order  of  the 
longitudinal  component  of  the  average  velocity  with  respect  to  the  transverse 
coordinate;  and  then  the  dimensional  analysis  is  used  to  derive  the  constitutive 
relation  [1].  An  ad  hoc  change  of  variables  is  applied  to  the  boundary  layer 
equations,  and  the  solution  is  constructed  in  various  characteristic  flow  regions 
by  the  method  of  matched  asymptotic  expansions  for  high  values  of  the  logarithm 
of  the  Reynolds  number  calculated  from  the  boundary  layer  thickness  [1]. 

A  universal  velocity  defect  law  for  the  outer  region  of  the  boundary  layer  is 
established  as  a  generalization  of  the  well-known  defect  law  for  an  impermeable 
plate  to  the  case  of  transpiration  [2] 

=/0)  +  0(\A7+g).  »;  =  |:v/i/2C/  +  B.  (1) 

^y^/2Cf  ^  B  0 

Here,  y  is  the  transverse  coordinate  and  6*  is  the  displacement  thickness.  In 
accordance  with  Eq.  1  all  the  velocity  profiles  can  be  represented  by  a  single 
universal  function  /(??)  not  depending  on  the  wall  conditions.  Analogous  repre¬ 
sentations  for  the  shear  stress  and  the  other  components  of  the  Reynolds  stress 
tensor  also  hold  [2] 
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Figure  1:  Experimental  profiles  of  the  velocity  in  a  boundary  layer  with  injection 
in  terms  of  the  similarity  variables.  Here,  Rx  =  3.5  •  10^  (o),  5.4  •  10^  (□), 
7.3  ■  10^  (A),  9.2  •  10^  (0),  1.1  •  10®  (+),  1.3  ■  10®  (x),  1.4  •  10®  (v)-  Note  the 
displaced  origin. 


=  (7i(7?)H-0(v/c7+B), 


=  C?2(^)  +  C>(\/  Cf  +  ^)- 


t/2(l/2C;+^)  U!{l/2Cf-^B) 

Here,  Gi^  G2  are  universal  empirical  functions.  The  law  is  valid  over  the  range 
of  transpiration  velocities  from  moderate  suction,  when  the  shear  stress  at  the 
wall  and  that  in  the  outer  region  are  of  the  same  order,  to  near-critical  injection 
corresponding  to  the  skin  friction  which  is  much  lower  than  the  shear  stress  in 
the  outer  region.  In  Figure  1  we  have  plotted,  using  the  similarity  variables,  the 
experimental  data  [3]  of  the  velocity  distributions  for  various  injection  rates  and 
Reynolds  numbers.  Solid  lines  in  Figures  1  correspond  to  the  well-known  Coles 
empirical  formula  for  the  velocity  profile  in  the  turbulent  boundary  layer  on  an 
impermeable  plate. 

A  universal  friction  law  is  established  such  that  the  skin  friction  coefficient 
distributions  for  various  injection  velocities  and  Reynolds  numbers  are  described 
by  a  single  universal  curve  [4] 


ffi'}  =  ^  o{,/^7Tb), 


=  B{i/2Cf  +  ^-^a/i/2c/  +  bJ  -Rij}-  (2) 

Here,  k  =  0.41  is  the  von  Karman  constant,  ^  is  a  universal  empirical  function, 
Rx  and  Ro  are  the  Reynolds  numbers  based  on  x  and  the  momentum  thickness. 
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Figure  2:  Skin  friction  over  a  plate  with  injection  in  universal  variables  for  the 
range  of  ^  3.1  •  10^  ^  3.5  •  10^  and  .B  ~  1.0  •  10“^  -f  9.5  •  10“^  Here,  (A)  data 
of  [5],  (0)  [3],  (□)  [6]. 


Figure  3:  Skin  friction  over  a  plate  with  suction  in  universal  variables  for  the 
range  of  3.3  •  10^  -I-  3.5  ■  10®  and  B  ~  -1.0  ■  10"^  ^  -3.6  ■  10"^  The 

notation  is  the  same  as  in  Figure  2. 


respectively.  This  law  covers  the  entire  range  of  the  injection  velocities  from 
zero  to  the  critical  value  corresponding  to  boundary  layer  separation.  A  simple 
criterion  for  boundary  layer  blow-off  can  be  derived  from  Eq.  2.  In  Figure  2 
we  have  plotted,  using  the  similarity  variables,  the  experimental  data  on  skin 
friction  over  a  plate  for  various  Reynolds  numbers  and  injection  rates. 

An  analogous  universal  friction  law  is  true  for  the  turbulent  boundary  layer 
with  suction  [7] 

Z|V}  =  (-5)=*=^  exp  j  iJ|  j  j . 


(3) 
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Horc?,  <IV;  aro  uiiivorsal  empirical  functions.  However,  in  this  case  the  degree 
of  suction  nonunifbrmity  is  essential,  and  there  is  a  one-parameter  family  of 
curvets  which  depend  on  the  suction  nonuniformity  parameter  (3.  The  universal 
law  givcui  by  Eep  3  covers  the  entire  range  of  suction  velocities  in  the  fully- 
d('v('lop('d  turbulent  boundary  layer  from  zero  to  the  critical  value  corresponding 
to  ])oundary  laycn-  relaminarization  [8].  In  Figure'  3  we  have  plotted,  using  the 
similarity  variable's,  the  experimental  data  on  skin  friction  over  a  plate  with 
suction. 

One  e:an  seu^  from  Figures  1-3  that  the  oljtaine'el  theoretical  results,  simili¬ 
tude's  and  as.ympte^tic  e’alculation  formulas,  are  in  good  agreement  with  available 
(experimental  data. 

Thee  work  was  supported,  in  jDart,  by  a  Soros  Humanitarian  Foundations 
Grant  awardeel  by  Anierie:an  Physical  Society  and  by  the  Russian  Foundation 
fe)r  Basic  Re'se'areli  (jn-ojects  Nos.  95-01  OOOSSaanel  98  01-00154). 
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1  Introduction 

The  application  of  optimal  control  through  suboptimal  schemes  (Bewlcy  et  ah, 
1993)  or  neural  networks  (Lee  et  ah,  1997)  and  the  use  of  DNS  resulted  in  drag 
reduction  of  about  20-30  %  and  has  given  quite  attractive  insight  into  the  near 
wall  physics  somewhat  indirectly.  The  major  shortcoming  of  these  strategies, 
however,  is  the  need  of  a  dense  distribution  of  MEMS  requiring  intervention  at 
the  wall  roughly  every  4  to  10  wall  units  in  the  spanwise  and  streamwise  direc¬ 
tions.  Another  method  could  use  a  linear  or  non-linear  time-dependent  forcing 
at  the  wall  through  a  coarser  distribution  of  intervention  locations  and  find  the 
optimal  temporal  variation  of  the  disturbance  to  decrease  or  increase  the  drag. 
The  aim  is  to  post  process  the  near  wall  turbulence  before  its  control.  Large- 
scale  unsteady  blowing/suction  is  already  used  in  the  control  of  separation,  but 
the  response  and  relaxation  of  the  near  wall  turbulence  to  a  localized  interven¬ 
tion  at  the  wall  are  not  well  understood  even  when  the  later  is  stead.y  (Tardu, 
1998). 

2  Experimental  set-up  and  Data  reduction 

An  experimental  model  has  been  developed  in  the  low-speed  wind  tunnel  of  our 
laboratory.  The  blowing  and  suction  at  the  wall  are  done  through  spanwise  slots 
of  dimensions  0.6*100  mm  corresponding  to  10*1667  in  wall  units  in  the  present 
working  conditions.  A  special  pulsating  device  has  been  designed  for  the  present 
purpose.  Quite  satisfactory  sinusoidal  waveforms  of  the  suction/blowing  wall 
normal  \^elo cities  have  been  obtained.  In  order  to  extract  the  deterministic  and 
deduce  the  random  part  of  the  flow  quantities  the  classical  triple  decomposition  is 
used.  A  flow  quantity  q(x,  t;T)  is  decomposed  into  a  time  mean  q  an  oscillating  q 
and  a  fluctuating  q'  part,  q(x,  t;  T)  =  q{x)-\-q{x^  ^'/T)  +  q'{t)  ,  where  T  stands  for 
the  period  of  the  oscillating  blowing.  The  phase  average  is  denoted  by  <  >  = 
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q  -\-q.  The  results  reported  in  this  study  are  obtained  through  a  local  unsteady 
blowing  with  an  imposed  frequency  =  0.017  and  an  amplitude  =  8 
(  +  denotes  values  scaled  with  inner  variables).  The  free  stream  velocity  is 
U  =  ini/s. 

3  Results 

Fig.  la  shows  the  cyclic  modulation  of  the  wall  shear  stress  at  ■x’*'  =  20  and 
40  downstream  of  the  slit.  The  phase  average  <  r  >  is  scaled  with  the  time 
mean  wall  shear  stress  tsb  of  the  unmanipulated  standard  boundary  layer.  The 
waveform  of  the  injection  velocity  (to  not  scale)  is  also  shown.  The  striking 
feature  of  the  reaction  of  <  r  >  takes  place  during  the  acceleration  phase  of  the 
injection  velocity.  The  wall  shear  stress  decreases  rapidly  during  this  phase  until 
it  reaches  the  laminar  limit  defined  as  the  value  that  a  laminar  Blasius  boundary 
layer  would  have  at  the  same  Reynolds  number.  The  strong  modification  of  the 
wall  turbulence  structure  is  better  captured  in  Fig.  lb  which  shows  the  phase 
average  of  the  skewness  <  5  >du'/(ii  of  the  time  derivative  of  fluctuating  stream- 
wise  velocity  du’/dt  and  of  the  ejection  frequency  <  //  >  identified  by  VITA 
through  the  phase  averaged  thresholds  at  ?y+  =  10.  Both  the  vorticity  generation 
and  production  mechanisms  arc  altered  at  high  blowing  frequency  during  half  of 
the  oscillation  cycle.  At  the  acceleration  phase,  the  bursting  activities  together 
with  the  vortex  stretching  are  largely  suppressed.  The  ensemble  of  ingredients 
showing  relaminarization  are  present  near  the  slot  at  x'^  <  40  and  during  half 
of  the  cycle. 

The  space  time  evolution  of  the  near  wall  flow  at  further  downstream  locations 
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Figure  1:  Phase  averages  of  the  wall  shear  stress  (a  left)  at  x'^  =  20  and  40 
downstream  of  the  injection  slit.  Phase  averages  of  the  time  derivative  skewness 
and  the  ejection  frequency  at  =  20  and  y'^  =  10  (b  right) 

is  striking.  First  the  velocity  profiles  become  strongly  inflectional  at  =  40 
and  approximately  in  the  middle  of  the  deceleration  phase.  Fig.  2  a  shows  the 
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Figure  2:  Velocity  profiles  (a  left)  and  skewness  of  u'  (b  right)  at  t/T=0.4-0.8 
and  x'^  =  40.  The  birth  of  <  0  is  seen  at  t/T=0.6. 


phase  averaged  velocity  profiles  at  t/T=0.4  (for  reference)  and  0.8  correspond¬ 
ing  respectively  to  the  middle  of  the  acceleration  and  deceleration  phases  of  the 
injection  velocity.  The  presence  of  an  inflectional  point  at  t/T=0.8  where  <  r  > 
decreases  to  the  laminar  limit  (Fig. la),  is  clear.  It  may,  therefore,  be  argued 
that  the  relaminarized  flow  is  possibly  unstable  to  inviscid  disturbances  accord¬ 
ing  to  the  Fjortoft’s  theorem  and  the  observed  behavior  is  not  due  to  a  local 
unsteady  separation  according  to  Moore-Sears  criteria.  The  destabilized  flow 
enters  subsequently  into  retransition  further  downstream  following  the  scheme 
reported  by  Narasimha  and  Sreenivasan  (1973).  This  gives  place  to  the  accumu¬ 
lation  and  enhancement  of  a  patch  of  spanwise  vorticity  of  the  opposite  sign  to 
the  mean  vorticity  during  the  deceleration  phase  at  t/T=0.8.  The  existence  of 
this  coherent  patch  may  be  clearly  seen  by  the  sudden  changes  in  the  skewness 
of  u'  shown  in  Fig.2b.  This  patch  rolls  up  into  a  coherent  structure  >  0 

approximately  at  =  10  and  =  20.  The  birth  of  this  structure,in  return, 
gives  place  downstream  to  a  secondary  spanwise  vortical  structure  near  the  wall 
with  opposite  sign,  i.e.  <  0,  because  of  the  non  slip  condition.  The 

genesis  of  <  0  and  its  subsequent  development  are  perfectly  well  local¬ 

ized  both  in  time  and  space.  The  whole  structure  is  convected  downstream  with 
an  advection  velocity  of  while  <  0  is  reinforced  and  ^  ^ 

diffuses  somewhat  more  rapidly.  Consequently  the  wall  shear  stress  increases 
almost  in  a  Dirac  function  fashion  at  times  and  locations  which  are  perfectly 
predictable  as  shown  in  Fig.  3a.  The  whole  phenomena  relaxes  further  down¬ 
stream  at  =  300  (not  shown  here).  This  mechanism  occurs  in  the  high 
frequency  regime,  for  >  0.009.  Fig.  3b  shows  the  phase  average  of  the  wall 
shear  stress  at  =  120  for  different  imposed  frequencies.  It  is  clearly  seen 
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that  the  generation  of  spanwise  vortical  structure  that  increases  the  shear  takes 
suddenly  place  at  this  critical  frequency. 
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Figure  3:  Phase  averages  of  the  wall  shear  stress  at  /+  =  0.017  vs.  (left  a), 
and  at  2:+  =  120  vs.  /+  (left  b) 


4  Discussion  and  Conclusion 

In  the  case  of  blowing  there  is  no  subtraction  or  addition  of  vorticity.  The 
spanwise  mean  and  fluctuating  vorticity,  together  with  turbulent- drag  inducing 
quasi-streamwise  vortical  structures  are  displaced  and  pushed  away  from  the 
wall.  The  removing  induces  a  global  deficit  in  the  instantaneous  non-slip  velocity 
at  the  wall.  This  is  subsequently  corrected  by  the  formation  of  a  thin  vortex  sheet 
in  front  of  the  wall  (and  of  its  image)  with  vorticity  of  opposite  sign  to  the  mean 
vorticity.  This  sheet  subsequently  dilutes  through  diffusion.  When  the  blowing 
is  unsteady,  the  diffusion  is  constrained  into  a  layer  whose  thickness  varies  like 
/+ool/\//+.  At  the  critical  imposed  frequency  where  there  is  roll  up  one  has 
/+  =  10.  Thus,  viscous  diffusion  alone  governs  the  removal  of  unsteady  vorticity 
layer  and  the  turbulence  does  not  participate  to  the  diffusion.  Therefore,  it 
accumulates,  concentrates  and  rolls  up. 
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1  Introduction 

Boundary  layers  with  localized  injection  are  found  in  gas  turbine  and  boundary 
layer  control  applications,  drying  processes  in  the  chemical  industry  and,  more 
recently,  cooling  of  electronics  by  means  of  injection  through  the  printed  circuit 
board.  The  flow  over  uniformly  blown  plates  has  been  studied  in  some  detail 
(e.g.  [1],  [2])  and  it  has  been  shown  that  surface  blowing  causes  an  upwards  shift 
in  the  mean  velocity  logarithmic  law.  It  is  also  found  that  the  turbulent  stresses 
are  increased  compared  to  the  unblown  case.  These  observations  have  later 
been  confirmed  numerically  in  Large  Eddy  and  Direct  Numerical  Simulations  of 
channel  flows  ([3], [4]).  Sumitani  and  Kasagi  [4]  found  that  even  small  amounts  of 
uniformly  distributed  injection  in  channel  flows  cause  a  significant  increase  in  the 
turbulent  production  of  kinetic  energy.  The  increase  was  completely  balanced 
by  an  increase  in  the  dissipation  rate  for  >  30.  This  indicates  that,  except 
very  close  to  the  surface,  the  structural  changes  in  the  flow  may  be  small. 

The  present  study  investigates  the  effects  of  localized  injection  on  the  turbu¬ 
lent  structure  at  much  higher  Reynolds  numbers  than  are  available  for  DNS.  The 
injection  rates  were  kept  quite  low,  so  that  the  perturbations  due  to  the  blowing 
were  reasonably  small  even  close  to  the  injection  area,  while  at  the  same  time 
producing  sufficient  effects  to  significantly  modify  the  turbulent  stresses.  In  a 
previous  report  [5]  it  was  shown  that  at  blowing  rates  as  low  as  Vw  =  0.003i7e, 
significant  effects  on  the  turbulent  structure  may  be  observed  more  than  20 
boundary  layer  thicknesses,  <5,  downstream  of  the  injection  area. 


2  Experimental  details 

On  a  flat  plate  at  zero  pressure  gradient  conditions  a  turbulent  boundary  layer 
was  initially  allowed  to  develop  over  2.35  m.  It  was  verified  that  the  boundary 
layer  at  this  station  (Reynolds  number  based  on  momentum  thickness  was  Ree 
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=  3250)  satisfied  the  criteria  for  a  fully  developed  boundary  layer  ((7/,  wake 
strength,  stress  levels  etc.).  Air  was  injected  through  a  porous  strip  over  a 
streamwise  distance  corresponding  to  about  2.5  times  the  thickness  of  the  in¬ 
coming  boundary  layer,  (5o.  The  porous  strip,  made  of  sintered  stainless  steel 
with  an  average  hole  diameter  of  150  //m,  spanned  the  entire  tunnel  width.  The 
boundary  layer  was  then  allowed  to  relax  from  the  perturbation  for  about  23  ^o- 
Mean  velocity  and  Reynolds  stress  data  -uv  and  -uiu)  were  ob¬ 

tained  using  hot  wire  anemometry  with  a  range  of  2.5 fim  and  5fnn  single  and 
x-wire  probes.  Further  details  may  be  found  in  [5].  Measurements  were  taken  for 
the  unblown  case,  as  well  as  for  three  injection  rates  F  =  Vro/Ue  =  0.003,0.006 
and  0.009.  Data  were  taken  just  upstream  of  the  strip,  at  the  strip  center  and 
at  6  stations  in  the  relaxation  region  downstream. 


y/  5 


Figure  1:  Stresses  measured  3.5  S  downstream  of  the  injection  strip  for  the 
unblown  (filled  symbols)  and  highest  blowing  rate  (open  symbols)  cases. 


3  Results  and  discussion 

Above  and  immediately  downstream  of  the  strip  the  injection  causes  a  dramatic 
drop  in  skin  friction.  Although  the  skin  friction  increases  again  as  the  boundary 
layer  develops  downstream,  this  is  a  slow  process  which  is  not  completed  over  the 
23  covered  by  this  investigation.  Combined  with  the  reduction  in  skin  friction 
is  a  strong  increase  in  turbulent  mixing  which  affects  all  the  turbulent  stresses 
(see  figure  1).  Near  the  wall  a  new  equilibrium  layer  is  quickly  re-established. 
Therefore,  the  stresses  near  the  surface  (here  shown  for  the  highest  blowing  rate) 
are  very  similar  to  the  distributions  found  for  the  unblown  reference  case.  The 
outer  layer  {y/6  >  0.6)  is  not  yet  affected  by  the  blowing  at  this  station  (about 
3.5  S  downstream  of  the  injection  strip).  In  the  region  influenced,  the  stresses 
have  been  increased  almost  by  a  factor  of  2. 

Near  the  surface  the  production  rate,  —uvdUfdy,  for  the  unblown  case  shows 
the  distribution  expected  for  an  equilibrium  boundary  layer  (figure  2).  The 
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Figure  2:  Production  and  dissipation  rates  measured  3.5  ^  downstream  of  the 
injection  strip  for  the  unblown  (filled  symbols)  and  highest  blowing  rate  (open 
symbols)  cases. 


blown  case  indicates  a  return  to  equilibrium  conditions  very  near  the  wall,  but  for 
most  of  the  inner  layer  the  production  rate  is  considerably  increased,  as  observed 
by  Sumitani  and  Kasagi  [4]  for  the  channel  flow.  With  localized  injection,  the 
measurements  show  that  the  dissipation  rate  increases  more  than  the  rate  of 
production,  being  about  35%  higher  at  y/S  ^  0.2.  (The  dissipation  rate  was 
estimated  from  the  inertial  range  of  the  power  density  spectrum  of  u).  This 
implies  a  significant  change  in  turbulent  diffusion,  as  reported  by  Krogstad  and 
Kourakine  [5],  and  therefore  suggests  considerable  modifications  to  the  turbulent 
transport  mechanism  in  the  boundary  layer  when  blowing  is  applied. 


y/6 


Figure  3:  Mixing  length  distributions  at  3.5  downstream  of  the  injection  strip. 
Line:  Model  of  Michel  et  at  [6]. 

This  affects  both  the  small  (e.g.  reduced  Taylor  micro  scale,  see  [5])  and  the 
large  turbulent  length  scales,  here  exemplified  by  the  mixing  length  (figure  3). 
Krogstad  and  Kourakine  [5]  found  that  localized  blowing  led  to  considerable 
outward  diffusion  in  the  region  0.1  <  y/6  <  0.4  which  causes  the  mixing  length 
to  drop.  This  contradicts  the  common  assumption  that  the  mixing  length  scale 
is  unaffected  by  surface  blowing.  This  has  been  applied  in  all  law  of  the  walls 
which  include  injection/suction  effects  proposed  in  the  literature  (e.g.  [1],  [2]). 
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Figure  4:  Invariant  functions  measured  3.5  S  downstream  of  the  injection  strip. 


All  this  information  suggests  that  the  degree  of  flow  anisotropy  must  have 
been  affected  by  the  blowing  rate.  However,  an  invariant  analysis  revealed  that 
the  components  of  the  invariant  tensor  are  hardly  affected  by  the  surface  blowing. 
Figure  4  shows  the  invariant  function  computed  from  the  measurements.  (/=0 
for  two-component  and  1  for  isotropic  turbulence).  For  comparison  the  DNS 
data  of  Spalart  [7]  have  been  included.  The  measurements  are  seen  to  exhibit 
the  same  y/S  dependence  as  the  DNS  data,  although  the  level  is  slightly  higher 
throughout  the  layer,  indicating  that  the  flow  is  more  isotropic.  This  may  be 
a  ii!e-effect  as  Re  for  the  measurements  are  about  3  times  higher  than  for  the 
DNS.  However,  it  is  evident  from  the  plot  that  the  degree  of  anisotropy  is  not 
affected  by  the  injection  rate.  This  implies  that  the  observed  increase  in  the 
Reynolds  stresses  due  to  the  blowing  affects  all  components  by  the  same  amount. 
Hence  the  redistribution  process  of  the  turbulent  energy  among  the  various  stress 
components  has  not  been  affected  by  the  changes  in  boundary  condition. 
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Introduction 

Streamwise  vortices  developing  in  boundary  layers  precede  the  transition  to  tur¬ 
bulence  and  therefore  are  of  primary  interest  from  the  viewpoint  of  fundamental 
knowledge  and  its  practical  applications  related  to  the  large-scale  coherent  struc¬ 
ture  control.  Encouraging  conclusions,  in  particular,  in  a  form  of  experimentally 
shown  advantages  of  longitudinal  vortices  to  control  heat  transfer  [1],  were  de¬ 
duced  from  the  analysis  of  the  boundary-layer  stability  and  receptivity  to  3D 
disturbances. 

A  problem  of  natural  evolution  and  behavior  of  this  vortical  structure  un¬ 
der  various  boundary  conditions  can  be  rigorously  formulated  for  transitional 
boundary  layers  affected  by  body  forces  (e.g.  centrifugal  forces  or  buoyancy). 
For  the  centrifugal  case,  this  self-organized  fluid  motion  can  be  analyzed  in  a 
frame  of  the  well  known  Goertler  stability  theory  describing  growth  and  decay 
of  vortices  depending  on  the  boundary-layer  flow  parameters  [2,  3]. 

The  objective  of  the  present  work  is  to  reveal  peculiarities  of  a  boundary 
layer  response  to  streamwise  vortices  generated  with  a  given  scale  in  a  flow 
affected  by  centrifugal  forces,  i.e.  under  conditions  where  they  are  a  naturally 
inherent  and  dominating  structure. 


Results  and  discussion 

The  work  was  implemented  experimentally  and  numerically.  First,  the  natural 
evolution  of  streamwise  vortices  in  boundary  layers  over  a  concave  wall  was 
considered.  Secondly,  a  flow  reaction  at  different  stages  of  a  laminar-turbulent 
transition  to  an  imposed  system  of  counter-rotating  pairs  of  streamwise  vortices 
was  studied. 

Streamwise  vortices  were  induced  in  a  boundary  layer  with  a  given  spanwise 
scale  Aj  using  two  methods  [1,  3]:  (1)  mechanical  vortex-generator  arrays  placed 
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on  a  surface  and  (2)  temperature  distribution  over  the  surface  regularly  varied 
in  the  spanwise,  2:,  direction.  In  practice,  the  second  method  was  realized  with 
the  help  of  streamwisily  oriented  electrically  heated  stripes  flush-mounted  on  a 
test  plate. 

A  numerical  approach  was  based  on  a  code  developed  for  the  direct  numerical 
simulation  of  the  laminar-turbulent  transition  in  compressible  subsonic  boundary 
layers  [3].  It  aimed  to  get  peculiar  details  both  for  natural  and  forced  develop¬ 
ment  of  the  vortical  structure.  For  the  latter  case,  a  constant  boundary  condition 
was  imposed  in  a  form  of  the  ^-periodic  surface  temperature  (the  stripes  were 
heated  to  AT  =  30K  above  the  (natural)  adiabatic  wall  temperature) . 


Figure  1:  Calculated  flow-field  patterns  in  ^y^-plane  in  the  course  of  natural 
(Case  0)  and  forced  (Cases  1,2)  evolution  of  streamwise  vortices. 

Fig.  1  shows  calculated  topology  of  a  boundary-layer  flow  developing  in  time 
for  3  cases: 

Case  1  describes  permanent  forcing  at  the  wall,  to  excite  a  second  mode 
with  a  non-dimensional  vortex  scale  A  =  84  linearly  amplified  according  to  the 
Goertler  stability  diagram,  and  harmonics  thereof. 

Case  2  corresponds  to  generation  of  a  slightly  irregular  vortical  structure 
that  implies  additional  stimulation  of  a  spectrum  including  the  most  amplified 
first  mode,  A  =  236.  In  practice,  Case  2  was  realized  due  to  one  of  the  heated 
stripes  insignificantly  shifted  along  z. 
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Case  0  is  taken  as  a  reference  to  the  cases  of  forced  excitation  to  observe 
laminar-turbulent  transition  with  naturally  evolving  Goertler  vortices.  The  wall 
was  homogeneously  kept  thermally  insulated.  A  very  small  initial  pulse  distur¬ 
bance  was  introduced  to  keep  the  system  in  the  linear  regime  for  a  very  long- 
phase.  In  this  way,  ’’generic”  Goertler  vortices  could  arise. 

Experiments  were  carried  out  in  an  open  low-turbulence  water-channel  over 
its  bottom  25x300  cm  containing  a  concave  section  with  the  curvature  ra¬ 
dius  jR=12  m  at  free-stream  velocities  within  0.05-0.2  m/s.  Electro-chemical 
Tellurium-method  (similar  to  the  conventional  hydrogen-bubble  technique)  was 
used  to  visualize  a  flow  field  [3].  Typical  shapes  of  visualized  U{y)  and,  espe¬ 
cially,  of  wavy  U {z)  velocity  profiles  give  a  clear  evidence  of  the  developing  vor¬ 
tical  structure  in  a  boundary  layer  (see  Fig.  2),  of  its  scale  and  intensity  as  well 
as  the  evolution  downstream  and  normally  to  the  surface.  Space-scales  of  gen¬ 
erated  vortices  (given  by  a  distance  between  the  neighboring  vortex-generators 
or  heated  longitudinal  stripes,  A^)  covered  the  range  from  neutral  (Ao  =  39)  to 
most  amplified  (A  100)  vortices  according  to  the  Goertler  diagram. 

Experimental  and  numerical  visualization  results  are  in  a  good  agreement. 
A  sequence  of  the  flow  field  patterns  in  y^-plane  (Fig.  1)  enabled  to  restore 
the  physical  picture  of  the  vortical  structure  development.  Four  characteristic 
phases  of  the  unforced  evolution  process  were  picked  out:  (a)  emergence,  (b) 
growth,  (c)  breakdown,  and  (d)  post-breakdown  [3]. 

Similar  events  were  observed  in  a  process  of  the  forced  vortex  development. 
However  the  duration  of  the  vortex  growth  phase  in  both  controlled  cases  is 
essentially  larger  than  in  the  reference  case.  It  means  that  compared  to  natural 
boundary  layer  development,  the  downstream  distance  of  a  developed  and  stably 
sustained  vortical  system  extends  due  to  the  generation  of  vortices  intrinsic  to 
the  given  flow  situation  but  having  scales  different  from  those  naturally  develop¬ 
ing.  This  effect  is  especially  remarkable  because  a  weak  controlling  factor  (AT) 
caused  noticeable  changes  of  integral  boundary-layer  characteristics. 

Vortex  scale  transformation  was  observed  not  only  across  the  boundary  layer- 
thickness  but  also  downstream  if  streamwise  vortices  generated  with  a  scale 
different  from  the  most  amplified  1st  mode. 


Figure  2:  Boundary-layer  response  to  vortices  generated  with  the  scales  of  ,  = 
3.2  cm  and  A^2,=1.6  cm 
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Receptivity  of  a  boundary  layer  to  the  scale  of  introduced  vortices  is  demon¬ 
strated  in  Fig.  2,  top  view  of  visualized 

U(z)  distributions.  It  is  well  seen  that  the  flow  field  developing  downstream 
of  the  vortex-generators  depends  on  correlation  between  a  spanwise  scale  of  a 
disturbing  factor  (A^)  and  the  Reynolds  number,  Re. 


Conclusions 

Both  experimental  and  numerical  studies  displayed  susceptibility  of  a  boundary 
layer  under  centrifugal  forces  to  disturbances  of  the  type  inherent  to  this  flow, 
i.e.  to  streamwise  vortices.  In  particular,  the  following  was  shown: 

•  boundary-layer  selective  response  to  the  spanwise  scale,  Xg,  of  generated 
vortices  depending  on  the  basic  flow  parameters; 

•  scale,  A~,  transformation  of  the  streamwise  vortices  evolving  downstream 
and  normally  to  the  wall; 

•  streamwise  vortices  can  be  easily  manipulated  what  may  result  in  their  de¬ 
velopment  deceleration  or  acceleration  through  the  control  of  their  growth 
phase. 
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1  Introduction 

An  attempt  to  achieve  a  better  understanding  of  the  polymer  action  on  wall 
turbulence  has  been  made  through  the  analysis  of  DNS  results  of  a  3D  turbulent 
channel  flow.  The  simulation  has  been  performed  using  the  FENE-P  model  for 
the  polymer  contribution  to  the  stress  tensor.  Each  polymer  chain  is  modeled 
as  a  dumbbell  (two  massless  beads  connected  by  a  non-linear  spring)  and  char¬ 
acterized  by  a  single  relaxation  time  which  takes  into  account  the  viscoelastic 
behavior  of  the  solution. 

We  analyze  here  a  fully  coupled  simulation  to  evaluate  the  respective  role  of 
the  elongational  and  of  the  elastic  energy  redistribution  in  the  alteration  of  wall 
turbulent  structure.  The  solution  of  dilute  polymers  is  modeled  by  considering 
that  at  each  point  of  the  field  is  attached  a  collection  of  dumbbells.  The  pres¬ 
ence  of  the  dumbells  provides  an  extra-stress  tensor  Tfj  in  the  field,  given  by 
T[j  =  Up  [Et  Rj  1)  where  Up  is  the  average  number  of  dumbbells  per  unit  volume. 
In  the  previous  expression  the  end-to-end  vector  Ri  represents  the  configuration 
of  each  dumbbell  and  E  is  the  connector  force  due  to  the  spring  expressed  as 
E  =  kf{K^)Ri,  where  /(jR^)  accounts  for  the  nonlinearity  of  the  spring.  Under 
the  Peterlin’s  assumption  (FENE-P),  which  expresses  the  force  coefficient  as  a 
function  of  the  average  extention,  the  statistical  behavior  of  the  system  is  de¬ 
scribed  by  a  field  equation  for  the  conformation  tensor  TZij  —  [RiRj],  i.e.  the 
ensemble  average  of  the  diadic  product  of  the  end-to-end  vector  of  the  polymer. 
In  fact,  for  the  conformation  tensor  it  is  possible  to  write  a  frame  indifferent 
evolution  equation 

+  (1) 

with  the  spring  constant  specified  as 

/(7^)  =  {Hi,,  -  3)  /  {Hi,,  -  n)  ,  (2) 
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where  1Z  =  TriJZjj)  =  [R^]  and  B.mnx  gives  the  maximum  allowed  elongation  of 
the  polymer  chains.  The  left  hand  side  of  eq.  (1)  is  the  upper  convected  time 
derivative  defined  as 

nij=^+  Uk  ^  -  K^rTlrj  -  KirKjr  (3) 

at  ax^, 

where  K.ij  is  the  velocity  gradient.  The  non-dimensional  parameter  appearing 
in  the  previous  equations  is  the  Deborah  number  De  =  tUq/Lq  which  is  the 
ratio  between  the  relaxation  time  of  the  polymer  chain  r  and  the  characteristic 
flow  field  time  Lq/Uq.  Equation  (1)  has  essentially  the  structure  of  a  Maxwell 
equation  (although  there  is  a  nonlinear  correction)  with  a  relaxation  parameter 
given  by  the  dimensionless  number  De,  which  gives  reason  of  the  memory  effects 
observed  in  these  materials.  The  extra-stress  is  directly  given  in  terms  of  the 
conformation  tensor  by  the  constitutive  equation 

=  (4) 

where  ‘i]p  is  the  relative  viscosity,  i.e.  the  ratio  between  the  contribution  of  the 
polymer  molecules  to  the  solution  viscosity  and  the  solvent  viscosity.  In  conclu¬ 
sion,  the  basic  parameters  are:  De,  T]p  and  Rmax- 


2  Elongational  viscosity  vs.  elastic  energy 

Though  the  effect  of  flexible  long  chain  polymers  on  the  structure  of  wall  turbu¬ 
lence  is  well  known  since  long  ago,  a  definite  theory  that  is  able  to  fully  explain 
this  phenomenon  has  not  been  given  yet.  In  particular  the  proposed  theoretical 
models  can  be  grouped  in  two  main  classes.  A  first  approach  was  introduced  by 
Lumley.  He  observed  that  the  polymer  molecules  become  significantly  extended 
only  when  the  time  scale  of  the  strain  rate  becomes  smaller  than  the  relaxation 
time  of  the  molecules.  Hence  he  proposed  the  existence  of  localized  regions  of 
the  flow,  where  these  events,  characterized  be  an  enhanced  elongational  viscosity 
take  place  leading  to  an  overall  drag  reduction. 

The  other  approach  proposed  b}^  De  Gennes  is  focused  on  the  idea  that  polymer 
effect  at  small  scales  is  described  by  elasticity  modulus  rather  than  by  viscosity. 
He  argued  that  in  turbulent  flows  the  polymers,  moderately  stretched,  can  not 
produce  a  significant  change  in  viscosity.  Whereas  the  major  effects  arise  for 
thosc^  scales  where  the  elastic  energy  stored  by  the  partially  stretched  polymers 
becomes  comparable  with  the  tiiiTulent  energy  interfering  with  the  classical  tur¬ 
bulent  cascade. 

One  of  the  main  difficulties  in  achieving  a  further  comprehension  of  this  phe¬ 
nomenon  is  due  to  the  full  knowledge  of  the  viscoelastic  quantities,  which  can 
be  hardly  measured  in  experiments.  In  this  respect,  we  believe  that  DNS  offers 
an  unreplaceable  tool  of  investigation.  In  fact,  despite  the  problems  connected 
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Figure  1:  Left:  Steady  state  of  the  elongation  (solid)  and  of  the  elongational 
viscosity  (dashed)  as  function  of  the  velocity  deformation.  Right:  Dumbbell 
extension  given  by  the  trace  of  the  conformation  tensor. 


with  the  numerical  simulation  of  a  viscoelastic  flow  such  as  extreme  simplicity 
of  the  affordable  models  or  the  need  of  an  artificial  diffusivity  for  the  numerical 
integration  [2],  the  simulation  of  a  fully  coupled  system  allows  the  analysis  of  the 
viscoelastic  reaction  and  hence  a  deeper  insight  into  the  physics.  In  the  following 
we  propose  a  tentative  evaluation,  through  DNS,  of  some  of  the  critical  issues 
of  the  two  approaches. 

It  has  been  shown  [6]  that  in  an  uniaxial  strain,  if  the  velocity  deformation  ex¬ 
ceeds  a  certain  value,  the  behavior  of  the  dilute  polymer  solution  is  characterized 
by  a  sharp  coil-stretch  transition  of  the  molecules,  which,  as  shown  in  the  left 
plot  of  fig.l,  leads  to  a  high  value  of  the  elongational  viscosity.  This  should 
happen  in  localized  regions  of  the  turbulent  flow,  where  the  deformation  veloc¬ 
ity  is  larger,  thus  interfering  with  the  regeneration  events.  As  can  be  observed 
from  the  averages  of  the  trace  of  the  conformation  tensor  (right  plot  fig.l),  the 
polymers  never  overcome  the  threshold  in  the  present  simulation  (where  the  pa¬ 
rameters  are  Re  =  5000, 7;^  =  0.1, De  =  10  and  R^ax  “  5000).  Nonetheless  the 
present  values  of  the  parameters  could  reach  very  large  values  of  the  elongational 
viscosity  even  before  coil-stretch  transition.  It  is  important  at  this  point  to  an¬ 
alyze  the  role  of  the  elastic  energy.  In  fact,  the  fluid  is  viscoelastic  and  hence 
the  transferred  power  is  not  only  dissipated  but  also  stored  under  the  form  of 
elastic  energy,  i.e.  a  form  of  energy  that  can  be  convected  through  the  flow 
and  released  in  other  parts  of  the  domain.  To  evaluate  the  role  of  the  elastic 
energy  redistribution,  we  perform  a  decomposition  of  the  stress  power  due  to 
the  polymer  which  appears  in  the  equation  of  the  total  kinetic  energy 

np,,  =  $ + ^  (5) 

where  $  is  the  viscous  dissipation  and  the  last  term  is  the  rate  of  elastic  energy 
accumulation  given  as 


Dt  2De^^  Dt  ■ 


(6) 
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Figure  2:  Left:  Decomposition  of  the  stress  power  due  to  the  polymers,  inte¬ 
grated  by  planes.  Total  stress  power  (solid),  elastic  energy  rate  (dashed),  rate  of 
dissipation  (dotted).  Right:  Reynolds  decomposition  of  the  total  stress  power. 
<  T[jDij  >(solid),  <  T[j  ><  Dij  >  (dotted),  <  Tf-D[.  >  (dashed). 


By  a  preliminary  inspection  of  the  average  values,  we  observe  regions  of  the 
domain  where  elastic  energy  is  stored,  namely  the  viscous  sublayer  and  the  buffer 
layer,  and  others  where  the  elastic  energy  is  released.  This  behavior  suggests 
that  polymers  are  able  to  drain  energy  from  the  main  flow  in  the  regions  where 
most  of  the  turbulence  regeneration  activity  takes  place.  It  is  worth  noticing 
that  the  decomposition  of  the  stress  power  can  be  performed  only  for  the  terms 
appearing  in  the  equation  the  total  kinetic  energy  and  not  for  the  mean  and 
fluctuating  components  (left  part  fig.  1). 
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1  Introduction 

Attention  has  been  focused  on  the  modification  of  near-wall  coherent  structures 
by  polymers,  effective  for  the  drag  reduction  of  turbulent  flows,  to  understand 
the  mechanism  of  the  drag  reduction.  Tiederman  et  al.[l]  measured  a  decrease 
in  the  bursting  rate  and  an  increase  in  the  average  spacing  of  low-speed  streaks 
caused  by  polymers  in  the  buffer  region  of  turbulent  channel  water  flows.  We 
demonstrated  numerically  that  the  cluster  model  of  beads  and  springs,  repre¬ 
sentative  of  highly-entangled  polymers,  attenuates  selectively  the  evolution  of 
small-scale  streaks  and  small-scale  eruptive  flows  in  the  buffer  region  in  a  turbu¬ 
lent  channel  flow  (Hagiwara  et  al.[2]).  This  model  is  based  on  the  observation  of 
freeze-dried  samples  of  the  Polyethylene  Oxide  (PEO)  solution  (Miyamoto  [3]). 

In  the  present  study,  we  carry  out  an  experiment  for  the  simultaneous  vi¬ 
sualisation  of  flowing  entangled  polymers,  streamwise  vortices  and  low-speed 
streaks  in  a  turbulent  channel  flow  to  examine  the  direct  interaction  between 
the  polymers  and  the  small-scale  coherent  structures. 

2  Experimental  method 

The  test  section  was  the  fully  developed  region  of  a  turbulent  water  flow  in  a 
horizontal  channel  of  2  m  in  length,  2  cm  in  height  and  16  cm  in  width.  The 
Reynolds  number  based  on  the  centerline  velocity  and  the  duct  height  was  5300. 

Hydrogen  bubbles  were  used  to  visualise  the  core  of  hairpin  vortices  because 
the  bubbles  tend  to  be  concentrated  inside  the  vortical  motion.  A  platinum  wire 
for  the  electrode  of  the  bubble  generation  was  stretched  between  the  upper  and 
lower  walls. 
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An  aqueous  solution  of  Rhodamine  B  was  injected  into  the  linear  sublayer 
from  a  slot  in  the  bottom  wall  to  enable  visualisation  of  the  low-speed  streaks. 
The  slot  was  1.0  mm  wide  in  the  streamwise  direction,  and  the  outlet  was  set  at 
45  degrees  to  the  wall. 

We  developed  a  new  technique  for  the  visualisation  of  highly-entangled  PEO 
dissolving  in  water  using  an  acrylic  fluorescent  colour.  Small  pieces  of  colour 
(hereafter  called  colour  particles)  were  stuck  on  the  polymer  powders  through  the 
drying  of  the  colour.  The  colour  particles  were  found  to  be  inside  the  entangled 
polymers  in  observation  for  the  dissolution  of  the  powders  in  quiescent  water 
with  a  microscope.  A  dilute  solution  (200ppm  or  SOOppm  by  weight)  of  PEO 
with  the  colour  particles  was  injected  from  the  other  upstream  slot  into  the 
buffer  region.  This  method  is  similar  to  that  used  in  ref.[l]. 

The  green  light  of  a  YAG  laser,  expanded  to  a  light  slab  of  13  mm  in  thickness, 
illuminated  the  main  flow  from  above  the  duct.  Images  of  the  reflected  light 
from  the  hydrogen  bubbles  and  the  fluorescence  of  Rhodamine  B  and  the  colour 
particles  were  captured  through  the  channel  side- wall  by  a  CCD  colour  video 
camera  (Sony  DXC-9000).  The  signals  from  the  camera  were  directly  recorded 
in  a  PC  through  an  image- grabber.  The  streamwise  dimension  of  the  observing 
area  was  675n/ur.  Each  pixel  covered  a  square  l.liy/ur  x  l.liy/ur. 

A  particle-tracking-velocimetry  (PTV)  method  was  adopted  for  obtaining 
the  velocities  of  the  hydrogen  bubbles  and  the  colour  particles.  The  images  of 
the  bubbles  and  the  particles  were  covered  with  several  pixels,  which  is  suitable 
for  PTV.  The  velocity  was  calculated  from  the  displacement  of  each  bubble  or 
particle  between  five  successive  images. 


3  Results  and  Discussion 

Figures  1(a)  and  1(b)  show  typical  examples  of  the  original  image  and  the  ex¬ 
tracted  red  signal  from  the  original  in  the  case  without  polymer  injection,  re¬ 
spectively.  The  bright  dots  in  Fig.  1(a)  are  the  hydrogen  bubbles  released  from 
the  wire  electrode.  The  aligned  bubbles  are  found  in  the  central  part  of  this 
figure  {x'^  ^  250).  The  angle  of  tilt  of  these  bubbles  is  about  60  degrees  to  the 
horizontal.  The  velocity  fluctuations  of  these  bubbles  from  the  mean  velocity  at 
?/+  =  20  were  —  -0.57  and  =  0.80.  This  shows  an  upward  eruptive  flow 
in  the  upstream  direction.  This  flow  is  similar  to  the  outward  flows  induced  by 
hairpin  vortices  (Zhou  et  a/. [4]). 

The  bright  area  in  Fig.  1(b)  shows  the  injected  Rhodamine  B,  which  is  not 
clear  in  the  original  image  in  Fig.  1(a).  The  dye  reached  y'^  —  100  after  the 
passage  of  the  aforementioned  vortex.  This  represents  an  ejection  of  the  low- 
speed  streak.  It  was  observed  that  the  ejection  was  almost  always  followed  by 
the  passage  of  a  streamwise  vortex.  The  extraction  of  the  red  signal  is  effective 
for  measuring  the  dynamics  of  streaks  with  the  streamwise  vortices. 

Figures  2(a)  and  2(b)  show  typical  examples  of  the  original  image  and  the 
extracted  red  signal  in  the  case  with  polymer  injection.  The  dots  in  Fig. 2(b) 
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indicate  the  fluorescence  from  the  colour  particles  stuck  on  the  polymers.  The 
dimension  of  most  entangled  polymers,  estimated  from  the  distance  of  the  dots 
moving  together  in  a  group,  was  in  the  range  of  1.1  -  1.8  mm  (16  -  27  viscous 
wall  units). 

Attenuation  was  observed  for  the  dynamics  of  the  streamwise  vortex  and 
the  low-speed  streak  due  to  the  polymers  very  close  to  the  vortex  in  this  case. 
The  angles  of  tilt  of  the  vortex  was  lower  than  that  in  the  case  without  polymer 
injection.  The  velocity  fluctuations  of  the  bubbles  from  the  mean  value  at  y'^=25 
were  =  -1.1  and  =  -0.10.  The  dye  reached  at  the  highest  =  80. 

More  noticeable  attenuation  was  occasionally  observed  for  the  upward  flow 
and  the  lift-up  of  the  streaks,  in  particular  small-scale  streaks  (See  Figs.  3(a) 
and  3(b)).  Aligned  bubbles  were  not  observed.  Some  groups  of  the  entangled 
polymers  happen  to  be  transported  near  the  streak.  It  is  expected  that  the  ki¬ 
netic  energy  of  the  eruptive  flow  or  small-scale  streaks  is  not  enough  to  lift  up 
the  polymers.  This  direct  interaction  between  the  entangled  polymers  and  the 
coherent  structures  is  considered  to  be  one  of  the  reasons  for  the  attenuation  of 
the  dynamics  of  streaks. 


0  100  200  300  400 
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(a)  Original  image 

Figure  1  Images  of  hydrogen 


(b)  Extracted  red  signal 

bubbles  and  Rhodamine  B 


Figure  2  Images  of  hydrogen  bubbles, Rhodamine  B  and  colour  particles 
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Figure  3  Images  of  hydrogen  bubbles, Rhodamine  B  and  colour  particles 
(highly  attenuated  CSs) 


4  Conclusions 

•  The  new  visualisation  method  of  entangled  PEO,  the  low-speed  streaks  and 
the  streamwise  vortices  in  a  turbulent  channel  flow  by  using  the  colour, 
the  Rliodamine  B  and  the  hydrogen  bubbles,  respectively,  is  effective  for 
measuring  the  direct  interaction  between  the  polymers  and  the  coherent 
structures. 

•  The  entangled  polymers  in  buffer  region  attenuate  the  eruptive  flow  in¬ 
duced  by  the  streamwise  vortices  and  the  ejection  of  low-speed  streaks. 
This  may  be  one  of  the  reasons  for  the  attenuation  of  the  dynamics  of 
streaks. 
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1  Introduction 

The  present  paper  considers  a  transported  pdf  approach  for  the  calculation  of 
scalar  statistics.  The  advantages  of  such  methods  are  significant  (e.g.  the 
straightforward  calculation  of  reaction  related  quantities)  and  have  been  dis¬ 
cussed  in  a  numbers  of  reviews  (e.g.  [2]).  A  common  feature  of  transported 
pd/ methods  within  a  single-point  single-time  context  is  that  modelling  approx¬ 
imations  are  required  to  account  for  mixing  processes.  The  latter  essentially 
amount  to  transport  of  the  pdf  in  composition  space.  The  evolution  of  the  joint 
scalar  pdf  is  here  examined  through  the  use  of  (Lagrangian)  stochastic  particle 
methods.  Two  distinct  cases  are  considered.  The  first  features  a  thermal  mixing 
layer  [6]  and  the  second  considers  the  propagation  of  premixed  turbulent  flames. 
Perhaps  surprising!}^,  no  systematic  study  of  the  effects  of  closures  for  the  mixing 
term  has  been  performed  for  the  latter.  The  standard  models  considered  here 
include  the  classical  Linear-Mean-Square-Estimate  (LMSE)  model  (cf.  [3])  and 
non-linear  integral  models  [3,  5].  More  sophisticated  approaches  covered  include 
the  binomial  Langevin  model  [4],  The  Langevin  equation,  originally  proposed  to 
simulate  Brownian  motion,  is  intuitively  attractive  and  can  readily  be  recovered 
from  the  Fokker-Planck  equation  for  the  special  case  where  the  drift  coefficient 
is  a  linear  function  of  the  state  variable  and  the  diffusion  coefficient  is  constant. 


2  Results 

Results  for  the  cases  considered  here  have  been  obtained  through  the  use  of 
both  gradient  diffusion  and  second  moment  based  closures  for  the  turbulent 
transport  of  the  pdf  in  physical  space.  The  former  is  based  on  the  classical 
eddy  diffusivity /two-equation  type  turbulence  model,  while  the  latter  features 
the  Generalised  Langevin  Model  coupled  with  an  LMSE  type  formulation  for  the 
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conditional  turbulence  intensity  terms  in  the  pd/ equation  [2,  7].  The  applica¬ 
tion  of  different  mixing  models  in  conjunction  with  a  gradient  diffusion  closure 
approximation  leads  to  difficulties  in  the  accuracy  of  predictions  for  the  thermal 
mixing  layer  (Figure  1).  The  evolution  of  cross-stream  profiles  confirms  that  the 
observed  discrepancies  can  be  directly  attributed  to  the  transport  closure.  Ev¬ 
idently,  the  gradient  diffusion  approximation  in  combination  with  the  standard 
value  for  the  turbulent  Prandtl  number  {ao  =  0.7)  results  in  an  underprediction 
of  the  turbulent  scalar  flux  in  the  lateral  direction.  In  practice,  compensation 
is  typically  achieved  by  an  expedient  case  dependent  re-assignment  of  the  value 
of  the  turbulent  Prandtl  number  (Figure  1).  Results  obtained  for  the  thermal 
mixing  layer  also  illustrate  the  need  for  accurate  predictions  of  higher  moments 
(e.g.  the  skewness),  as  indicated  by  Figures  2  and  3,  and  show  that  the  modi¬ 
fied  CuiTs  model  does  not  perform  well  in  this  respect.  The  result  is  of  direct 
practical  interest  given  the  prevalent  application  of  the  latter. 

In  the  present  work  flame  structures  arc  resolved  using  200  cells  with  an  ex¬ 
pected  number  of  1600  weighted  particles  per  cell  (A^  ~  320x10^).  The  thermo¬ 
chemistry  is  implemented  by  means  of  a  single  scalar  progress  variable  and 
tlie  instantaneous  scalar  reaction  rate  source  term  is  extracted  from  unstrained 
Ctbi/Air  calculations  with  detailed  chemistry.  R.esults  obtained  for  premixed 
turbulent  flames  show  that  even  integral  properties,  such  as  the  turbulent  burn¬ 
ing  velocity,  are  strongly  affected  by  both  the  choice  of  mixing  model  and  the 
closure  for  the  transport  of  the  pdf  in  physical  space  as  shown  in  Table  1.  ^ 
It  may  thus  be  readily  observed  that  under  all  conditions  a  gradient  diffusion 
(•losure  will  result  in  reduced  burning  velocity  values.  The  latter  observation, 
combined  with  the  unambiguous  manner  in  which  pdf  methods  allow  the  incor¬ 
poration  of  scalar  reaction  rates,  provides  further  evidence  in  relation  to  the 
concerns  expressed  regarding  the  effectiveness  of  gradient  diffusion  closures  for 
l)remixed  turbulent  flames  [7].  An  example  of  the  predictive  capability  of  the 
more  accurate  models  is  shown  in  Figure  4. 


3  Conclusions 

The  present  study  has  shown  that  the  characteristics  of  mixing  models  and  clo¬ 
sure  approximations  for  the  transport  of  the  pdf  in  physical  space  have  a  signifi¬ 
cant  influence  on  prediction  quality.  Specifically,  the  use  of  gradient  approxima¬ 
tions  in  the  context  of  non  isothermal  and  combusting  flows  entails  significant 
accuracy  problems.  The  present  study  also  outlines  the  significance  of  the  mix¬ 
ing  model  ill  the  evolution  of  the  flame  structure  in  cases  where  the  transport 
of  the  pdf  in  the  scalar  space  is  essentially  dominated  by  the  reaction  rate  term. 
Indeed,  the  interaction  between  the  mixing  model  and  the  scalar  reaction  rate 

results  shown  lierc  have  been  obtained  tlirougli  the  use  of  a  standard  constant  time 
scab;  ratio  closni'c  for  the  scalar  time  scale  with  =  2.  The  absolute  value  of  predicted 
tuibulent  burning  velocities  is  affected  by  this  choice.  However,  the  relative  behaviour  with 
respect  to  mixing  model  and  turbulent  transport  closure  variations  -  examined  here  -  is  not. 
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Model 

Gradient  Diffusion 

Second  Moment  Closure 

Binomial  Langevin  [4] 

1.24 

1.62 

Binomial  Sampling  [3] 

0.75 

1.39 

Modified  Curl’s  [5] 

1.32 

1.65 

LMSE  [4] 

0.54 

0.84 

Table  1;  Mixing  model  and  turbulent  transport  closure  effects  on  the  computed 
turbulent  burning  velocity  (ut)  using  a  “standard”  constant  time  scale  ratio. 
Experimental  data  for  ut  lead  to  expected  values  around  2  m/s  for  the  conditions 
considered,  {u'  =  1  m/s,  Lt  =  20  mm,  C(f,  =  2  and  ul  =  0.385). 

is  mainly  confined  to  a  region  close  to  the  “cold”  boundary  of  the  scalar  space. 
The  predominance  of  the  reaction  rate  source  term  at  high  Damkohler  numbers 
induces  rapid  convection  towards  the  burnt  state  and  thus  an  (almost)  bimodal 
shape  for  the  scalar  pdf.  A  critical  aspect  can  thus  be  found  in  the  combustion 
initiation  process.  Accordingly,  the  predicted  burning  velocities  will  depend  on 
the  structure  of  turbulent  transport  model  in  scalar  space  (i.e.  the  structure  of 
the  prescribed  mixing  transition  density  function)  and  on  the  magnitude  of  the 
relevant  (mixing)  time  scale.  The  observed  differences  between  the  LMSE  and 
the  binomial  Langevin  model  may  therefore  be  readily  explained  since  the  for¬ 
mer  erroneously  induces  only  convection  and  not  diffusion  in  the  pd/scalar  space. 
Furthermore,  for  the  case  of  the  binomial  sampling  model,  homogeneous  binary 
mixing  studies  may  be  used  to  show  that  the  diffusion  contribution  is  essentially 
non-operative  for  close  to  bimodal  pdf  shapes.  It  may  be  noted  that  the  modified 
Curl’s  model  performs  reasonably  well  for  source  term  dominated  problems,  but 
fails  in  the  prediction  of  transport  related  quantities.  The  binomial  Langevin 
model  yields  excellent  results  for  the  cases  considered  here. 


References 

[1]  Cheng,  R.K.  and  Shepherd,  LG.  (1991),  Combust.  Flame  85,  pp.  7-26. 

[2]  Pope,  S.B.  (1985),  Prog.  Energy  &  Comb.  Sci.  11,  pp.  119-192. 

[3]  Valiho,  L.  and  Dopazo,  C.  (1990),  Physics  of  Fluids  A  2(7),  pp.l204  1212. 

[4]  Valiho,  L.  and  Dopazo,  C.  (1991),  Physics  of  Fluids  A  3(12),  pp.  3034-3037. 

[5]  Janicka,  J.,  Kolbe,  W.  and  Kollmann,  W.  (1979)  Journal  of  Non- equilibrium 
Thermodynamics  4,  p.  27. 

[6]  Ma,  B.K.  and  Warhaft,  Z.  (1986),  Physics  of  Fluids  A  29(10),  pp.  3114- 
3120. 

[7]  Lindstedt,  R.P.  and  Vaos,  E.M.  (1999),  Combust.  Flame  116,  pp.  461-485. 


496 


R.  P.  Lindstedt  and  E.  M.  Vaos 


(x-xJ/M 


Figure  1:  Predictions  of  the  maxi¬ 
mum  normalised  temperature  fluc¬ 
tuation  intensity  using  the  binomial 
Langevin  model,  (o)  Measurements 
by  Ma  &  Warhaft  [6].  ( — )  Second 
moment  closure;  ( - )  Gradient  dif¬ 

fusion  closure  with  ao  =  0.7  and 
( — )  ^(7  =  0.35. 
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Figure  3:  Normalised  turbulent  flux 
of  the  scalar  variance.  Lines  and 
symbols  as  shown  in  Figure  2. 
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Figure  2;  Predictions  of  normalised 
cross-stream  temperature  fluctua¬ 
tion  intensity  profiles  using  a  second 
moment  closure,  (o)  Measurements 
by  Ma  &  Warhaft  [6].  ( — )  bino¬ 
mial  Langevin  model;  ( - )  Mod¬ 
ified  Curl’s  model;  ( - )  binomial 

sampling  model. 


Progress  Variable 


Figure  4:  Normalised  mean  reaction 
rate  profiles  in  scalar  space  (o)  [1]. 
Lines  as  shown  in  Figure  2. 
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1  Introduction 

Probability  Density  Function  (pdf)  transport  equation  methods  integrated  within 
a  conventional  CFD  flow  solver  represent  a  rational  approach  for  the  study  of 
turbulent  combustion.  The  major  attraction  of  this  method  is  that  the  terms 
associated  with  chemical  reaction  appear  in  closed  form,  leaving  only  ‘molecular’ 
mixing  and  turbulent  transport  terms  to  be  modelled.  There  has  been  consider¬ 
able  development  in  the  past  three  decades  in  pdf  methods  and  reviews  can  be 
found  in  Kollmann  [4]  and  Jones  and  Kakhi  [3]. 

In  the  present  work  a  Lagrangian  stochastic  particle  method  is  used  to  solve 
the  pdf  equation  with  the  velocity  field  being  obtained  from  a  conventional 
RANS  k  —  e  approach.  In  the  pdf  equation  turbulent  transport  is  treated  with  a 
conventional  k  -  e  gradient  transport  assumption,  and  the  Linear  Mean  Square 
(LMSE)  estimation  closure  is  used  to  ‘molecular’  mixing.  The  chemical  reac¬ 
tion  is  described  by  the  four  step  global  mechanism  of  Jones  and  Lindstedt  [2]. 
The  method  is  applied  to  an  axisymmetric  swirl  stabilised  combustor  burning 
propane,  and  the  results  are  compared  with  experimental  data  and  the  results 
obtained  with  a  conserved  scalar  laminar  flamelet  model. 


2  The  Governing  Equations 

A  transport  equation  for  the  pdf  can  be  derived  using  principles  of  mass,  momen¬ 
tum  and  energy  conservation  and  for  single-phase,  gaseous,  low  Mach  number. 
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high  Reynolds  number  combustion  can  be  written: 


+  -^[l^aWPW] 


d 


^[p<u'!\±>P{±)]  (1) 


where  -  is  the  density  weighted  probability  function.  In 

equation  (1)  the  first  two  terms  represent  the  rate  of  change  and  mean  convection 
of  the  pdf  while  the  third  term  involves  the  net  rate  of  formation,  through 
chemical  reaction.  These  three  terms  appear  in  exact  and  closed  foini.  The 
terms  in  the  right  hand  side  of  the  equation  comprise  the  turbulent  transport 
of  pdf  and  molecular  mixing.  These  terms  involve  conditional  expectations  and 
must  be  modelled  if  the  equation  is  to  be  closed. 


Modelling 

Turbulent  transport  is  represented  using  a  gradient  transport  hypothesis, 


cJxi,  - 


d 

dx, 


fit  dPW 
(Tt  dxk 


(2) 


where  the  turbulent  viscosity  fit  is  obtained  from  the  k  —  e  model  and  where 
di,  =  0.7. 


For  chemical  reaction  the  global  hydrocarbon-air  scheme  of  Jones  and  Lindstedt 
is  used: 

C^Ha  +  ^0,  -!•  3CO  +  4H>, 

CaHa +3H2O 3CO  + 7H.i, 

1 

H2  +  5O2 

CO  +  H20  C02  +  H2. 

Molecular  mixing  is  modelled  by  the  Linear  Mean  Square  Estimation  (LMSE) 
closure  [1]. 


3  Solution  Method 


To  obtain  the  fields  of  mean  velocity,  turbulence  energy  and  dissipation  rate  the 
computer  code  BOFFIN  was  used  (the  code  utilises  a  boundary  fitted  general 
curvilinear  coordinate  system  in  conjunction  with  a  relatively  standard  finite- 
volume  method.  The  Lagrangian  form  of  the  modelled  pdf  transport  equation 
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is  utilised  and  this  is  approximated  by  a  factorisation  scheme  so  that  trans¬ 
port  (convection  and  diffusion),  chemical  reaction  and  mixing  can  be  applied 
separately.  The  pdf  is  then  represented  by  an  ensemble  of  particles  and  the  dis¬ 
crete  difference  approximation  is  then  simulated  stochastically  by  a  Lagrangian 
method  in  which  particle  positions  are  tracked  as  they  move  through  the  field 
according  to: 


dx  =  (^U  +  ^ j  (It  + 


(4) 


Here,  ^  is  a  standard  normally  distributed  random  number  vector. 

The  particles  are  allowed  to  react  according  to  the  reaction  model,  for  which 
purpose  the  chemistry  is  tabulated 

For  mixing,  particles  are  first  sorted  into  their  appropriate  control  volumes 
and  mixed  according  to  the  LMSE  closure  whereby  all  particles  properties  are 
changed  according  to: 


dt 


(5) 


4  Conclusions 


The  results  obtained  with  the  pdf  equation  method  are  compared  with  measure¬ 
ments  and  with  calculations  using  the  conserved  scalar  laminar  flamelet  model 
in  figure  1.  As  can  be  readily  observed  and  consistent  with  experiment  the  pdf 
method  gives  rise  to  a  ‘lifted’  flame  with  combustion  being  stabilised  some  dis¬ 
tance  downstream  of  the  fuel  injection.  In  contrast  the  conserved  scalar  model 
predicts  flame  stabilisation  at  the  fuel  injection  point.  Figure  2  shows  radial  pro¬ 
files  of  temperature  and  CO2  at  various  axial  positions  through  the  combustor. 
The  discrepancies  which  are  evident  are  predominantly  associated  with  limita¬ 
tions  in  the  reaction  mechanism  being  used,  which  incorrectly  allows  reaction 
well  bej^ond  the  rich  flammability  limit. 


References 

[1]  Dopazo,  C.  and  O’Brien,  E.E.  An  approach  to  the  auto-ignition  of  a  turbulent 
mixture.  Acta  Astronautica,  1:1239-1266,  1974. 

[2]  Jones,  W.P.  and  Lindstedt,  R.P.  Global  Reaction  Schemes  for  Hydrocarbon 
Combustion.  Combustion  and  Flame,  73:1-15,  1988. 

[3]  Jones,  W.P.  and  Kakhi,  M.  Mathematical  Modelling  of  Turbulent  Flames. 
Unsteady  Combustion,  Kluwer  Academie  Publishers 

[4]  Kollmann,  W.  The  PDF  approach  to  turbulent  flow.  Theoretical  and  Com¬ 
putational  Fluid  Dynamics,  1:249-285,  1990. 


500 


W.P.  Jones  and  R.  Weerasinghe 


Tcinpcraturc  Plot  -  Conserved  Scalar  Method 


273 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Implementation  and  Validation  of  an 
Adaptive  Particle  PDF  Transport 

Method 

M.  Pfitzner^  and  I.  Romaschov^ 

^Methods  and  IT  Systems,  Rolls-Royce  Deutschland  GmbH 
Eschenweg  11,  D-15827  Dahlewitz,  GERMANY 
^Gescliaeftsfeld  Systeme,  IVU  Traffic  Technologies  AG 
Bundesallee  88,  D-12161  Berlin,  GERMANY 

Contact  e-mail:  michael.pfitzner@rolls-royce.com 


1  Introduction 

The  design  of  low-emission  combustors  for  aeroengines  requires  sophisticated 
CFD  simulation  tools  to  predict  the  gaseous  emissions  of  combustor  configura¬ 
tions  with  a  high  level  of  confidence. 

The  current  industry  standard  for  combustion  modelling  of  diffusion  flames 
in  commercial  CFD  codes  is  a  fast  equilibrium  or  flamelet  chemistry  model  cou¬ 
pled  to  an  assumed  probability  density  function  (pdf)  of  the  mixture  fraction. 
Turbulence  is  modelled  using  two-equation  k-e  turbulence  model(s).  This  ap¬ 
proach  usually  results  in  a  fair  prediction  of  temperature  and  NOx  emissions, 
but  is  unable  to  predict  partially  burnt  combustion  products  like  CO.  More 
accurate  NOx  predictions  require  higher  precision  in  the  prediction  of  the  tem¬ 
perature  field.  The  accuracy  of  the  simulation  of  turbulent  combustion  can  be 
significantly  improved  over  the  conventional  assumed  PDF  method  by  solving  a 
PDF  transport  equation  for  a  small  number  of  reaction  progress  variables. 

In  the  current  work  a  pdf  transport  algorithm  using  an  adaptive  number 
of  pdf  particles  is  validated  using  several  different  generic  flame  configurations 
with  different  gaseous  fuels.  The  code  is  then  applied  to  a  3-D  simulation  of 
the  combusting  flow  in  the  pilot  zone  of  a  staged  aeroengine  research  combustor 
to  demonstrate  the  3-D  capability  of  the  method  and  to  explore  the  CPU  and 
storage  requirements  relative  to  more  conventional  combustion  models. 


2  Implementation  of  PDF  transport  method 

The  composition  PDF  transport  equation  is  solved  using  a  Monte-Carlo  particle 
method.  The  method  locates  the  pdf  particles  in  the  center  of  the  each  compu- 
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tational  cell  and  convection  is  modelled  statistically  (Popes  algorithm)  [1]. 

The  method  has  been  generalized  for  use  of  a  variable  number  of  weighted 
PDF  particles  in  each  CFD  cell  [2].  Conventionally  a  constant  number  of  PDF 
particles  of  unity  weight  in  each  cell  is  used.  Reduced  chemistry  is  represented 
by  an  adaptive  multidimensional  table.  The  PDF  particles  in  a  computational 
cell  representing  by  the  same  tabulation  cell  in  composition  space  of  reaction 
progress  variables  arc  lumped  together,  combining  the  weights  of  all  lumped 
particles. 

The  method  has  been  shown  to  give  similar  results  to  the  conventional 
method  with  a  constant  number  of  particles  within  the  statistical  error  and 
to  be  considerably  less  demanding  in  terms  of  comi)utational  and  storage  [3]. 

Ill  its  present  form  using  an  Eulerian  algorithm  for  the  PDF  particle  transport 
the  method  is  strictly  correct  only  on  orthogonal  grids.  This  puts  constraints  on 
the  grid  generation,  particularly  for  3-D  cases.  The  pdf  transport  combustion 
model  is  loosely  coupled  to  a  commercial  finite  volume  CFD  code  (CFD- ACE) 
and  has  been  validated  using  several  different  laboratory  diffusion  flames,  for 
which  afxairatc  data  sets  arc  available.  The  test  cases  encompass  several  different 
gaseous  fuels  [3]. 

The  .Jones-Lindstedt  reduced  chemistry  mechanism  [4]  with  3  reaction  progress 
variables  (plus  mixture  fraction)  is  used.  The  pdf  transport  code  has  been 
adapted  to  use  ILDM  tables  [5]  provided  by  the  University  Heidelberg. 


3  Results  from  Test  Cases 

The  comparison  of  the  validation  cases  with  the  experimental  data  shows  in  all 
cases  and  without  timing  of  parameters  a  consistent  improvement  of  the  predic¬ 
tion  of  the  temperature  and  carbon  monoxide  (CO)  fields.  The  improvement  is 
small  in  flames  at  high  Damkochler  numbers,  where  the  conventional  assumed 
mixture  fraction  pdf  /  fast  chemistry  approach  already  yields  good  agreement. 
The  largest  improvement  is  achieved  in  flames  with  medium  strain  like  the  Masri 
L  and  B  flames.  An  overview  of  the  local  number  of  PDF  particles  in  the  Masri 
flame  is  given  in  Figure  1.  At  very  large  strain,  where  there  is  considerable  local 
extinction,  the  agreement  between  the  pdf  transport  method  and  the  experi¬ 
ment  deteriorates  although  there  is  still  a  large  improvement  over  assumed  pdf 
/  fast  chemistry  methods.  Results  of  similar  quality  are  achieved  for  methane 
and  propane  fia.mes. 

In  flames  with  recirculation  zones  it  was  found  that  the  RNG  k-e  turbulence 
model  3^ields  a  better  agreement  with  experiment  than  the  standard  k-e  model. 
In  a  disc-stabilised  diffusion  flame  [6]  the  agreement  with  the  combusting  ex¬ 
perimental  flowfield  is  considerably  improved  by  the  pdf  transport  method.  In 
this  case  the  pdf  transport  method  predicts  correctly  two  stagnation  points  on 
the  axis  of  symmetry  which  arc  not  present  in  the  fast  chemistry  calculation. 
An  example  of  the  improvement  of  the  temperature  and  CO  fields  in  case  of  the 
Garreton  disc-stabilized  flame  is  shown  in  Figure  2. 
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Figure  1:  Masri  Flame:  Distribution  of  number  of  adaptive  PDF  particles. 


•  Experiment 
beta-PDF.  k-c 


Experiment 
beta-PDF.  k-e 


Figure  2:  Garreton  case:  Comparison  of  temperature  (left)  and  and  GO  on  axis 
of  S3^mmetry. 


The  incorporation  of  the  Heidelberg  ILDM  chemistry  (using  2  reaction  progress 
variables)  results  in  a  considerably  increased  risk  of  numerical  extinction  of  the 
flame.  Portions  of  composition  space  where  no  ILDM  could  be  found  lead  to 
large  errors  in  the  CO  field  in  some  test  cases.  In  parts  of  the  flames  where 
the  ILDM  data  are  available  the  agreement  of  the  CO  field  with  experiment  is 
generally  improved  by  the  ILDM  reduced  chemistry. 

The  CFD  code  using  the  adaptive  pdf  particle  method  has  been  applied  to  the 
pilot  zone  of  a  staged  research  combustor.  The  computational  grid  consisted  of 
approx.  80,000  nodes  and  needed  3  days  to  converge  on  a  sgi  RIOOOO  workstation. 
This  3-D  computation  was  only  feasible  with  the  adaptive  particle  method,  which 
requires  typically  5  times  the  resources  (CPU  time  and  storage)  compared  to  the 
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conventional  assumed  PDF  method. 


4  Conclusions 

•  An  implementation  of  a  PDF  transport  method  using  an  adaptive  number 
of  PDF  particles  has  been  successfully  validated  for  a  number  of  generic 
diffusion  flame  test  cases 

•  In  all  cases  the  prediction  of  the  temperature  and  CO  fields  are  improved 
compared  to  an  assumed  pdf  equilibrium  chemistry  method 

•  More  work  is  required  to  improve  the  validity  of  the  ILDM  tables  in  all 
chemically  relevant  areas  and  the  applicability  on  non-orthogonal  grids 
before  application  in  industrial  configuration  with  confidence  is  possible 

It  is  gratefully  acknowledged  that  part  of  this  work  has  been  funded  by 
the  European  Commission  as  part  of  B  RITE- EUR  AM  project  BE95-1927  under 
contract  number  BRPR-CT95-0106. 
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1  Introduction 

The  structure  of  complex  three-dimensional,  swirling  fuel- air  mixing  layers  formed 
in  a  real  gas  combustor  is  very  difficult  to  resolve  using  current  experimental  and 
numerical  methods.  Here,  large-eddy  simulation  (LES)  is  used  to  simulate  spray 
combustion.  In  LES,  scales  larger  than  the  grid  size  are  computed  using  a  time- 
and  space-accurate  scheme,  while  the  effect  of  the  unresolved  smaller  scales  (as¬ 
sumed  to  be  isotropic)  on  the  resolved  motion  is  modeled  using  an  eddy  viscosity 
based  subgrid  model.  This  approach  is  acceptable  for  momentum  transport  since 
all  the  energy  containing  scales  are  resolved  and  the  unresolved  scales  primarily 
provide  dissipation  of  the  energy  transferred  from  the  large  scales.  However, 
these  arguments  cannot  be  extended  to  reacting  flows  since,  for  combustion  to 
occur,  fuel  and  oxidizer  species  must  first  mix  at  the  molecular  level.  Since, 
this  process  is  dominated  by  the  mixing  and  molecular  diffusion  processes  in 
the  small-scales,  ad  hoc  eddy  diffusivity  concepts  cannot  be  used  except  under 
very  specialized  conditions.  To  deal  with  these  distinctly  different  modeling  re¬ 
quirements,  a  new  subgrid  mixing  and  combustion  model  has  been  developed 
that  allows  for  proper  resolution  of  the  small-scale  scalar  mixing  and  combus¬ 
tion  effects  [1,  2,  3].  This  subgrid  model  is  implemented  within  the  framework 
of  a  LES  approach  based  on  an  Eulerian-Lagrangian  Stochastic  Separated  Flow 
(SSF)  model  which  is  capable  of  quantitative  prediction  of  the  effects  of  spray 
[4,  5,  6]. 

In  this  paper,  application  of  SSF  based  LES  modeling  of  spray  mixing  and 
combustion  in  a  full-scale  gas  turbine  engine  (General  Electric  DLE  LM  6000 
derivative)  is  discussed. 
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2  Formulation 

In  the  SSF-LES  approach,  the  droplets  are  tracked  in  a  Lagrangian  manner 
within  the  Eulerian  gas  flow  field.  Full  two-way  coupling  is  included  via  source 
terms.  However,  a  key  limitation  of  this  approach  is  that  (due  to  resource 
constraints)  only  a  limited  range  of  droplet  sizes  are  tracked  and  droplets  below 
an  ad  hoc  (i)re-specifled)  cut-off  size  are  assumed  to  vaporize  and  become  fully 
mixed  instantaneously.  This  approach  has  been  demonstrated  to  be  seriously 
flawed  [5]  and  it  has  been  shown  that  the  new  subgrid  formulation  employed 
here  correctly  takes  into  account  the  effect  of  all  droplets  below  the  cutoff. 

In  the  subgrid  combustion  approach,  all  local  scalar  processes  are  simulated 
within  a  subgrid  domain  that  resides  in  each  LES  cell.  The  subgrid  domain  is 
one-dimensional  and  is  oriented  in  the  direction  of  the  scalar  gradient.  Within 
this  ID  domain,  all  turbulent  scales  are  fully  resolved  and  the  reaction-diffusion 
processes  occur  deterministically  (thus,  no  closure  for  diffusion  and  chemical 
reaction  rates  is  needed).  Concurrent  to  this  deterministic  evolution  of  the 
reaction-diffusion  processes,  turbulent  mixing  of  the  scalars  by  scales  ranging 
from  the  grid  size  to  the  smallest  eddy  (i.e.,  Kolmogorov  scale)  is  explicitly 
implemented  as  a  stochastic  stirring  process.  Thus,  both  turbulent  stirring  by 
small-scale  eddies  and  reaction-diffusion  processes  occur  within  each  LES  cell. 
Advection  of  the  scalar  fields  across  LES  cells  (due  to  eddies  larger  than  the  grid 
size)  is  carried  out  using  a  Lagrangian  transport  sc:heme.  Further  details  of  this 
method  is  given  in  cited  references. 

In  the  two-phase  approach,  the  subgrid  model  includes  the  eff('ct  of  the  phase 
change  and  the  va])orization  process.  The  two-phase  subgrid  model  employs  a 
void  frac-.tion  ap})roach  whereby,  the  fraction  of  the  liquid  phase  is  determined 
from  the  number  of  particles  that  drop  below  the  cutoff  scale.  When  combined 
with  the  SSF-LES  approach,  this  simulation  model  is  capable  of  capturing  the 
effect  of  phase  change  and  fuel-air  mixing  as  a  function  of  droplet  volume  ir¬ 
respective  of  the  droplet  size.  In  contrast,  conventional  SSF  approach  fails  to 
account  for  fuel  vaporization  and  mixing  by  droplets  that  are  below  the  cutoff 
size.  Additional  dc^tails  of  the  new  subgrid  model  is  given  elsewhere. 


3  Results  and  Discussion 

Analysis  of  the  subgrid  mixing  process  in  two-phase  temporal  mixing  layers  has 
been  c:arried  out  to  investigate  the  impact  of  the  cutoff' size  on  product  formation 
under  both  infinite  and  finite  rate  conditions.  Figures  1  and  2  show  respectively, 
the  product  density  variation  across  the  mixing  layer  in  the  conventional  LES  (in 
which  dropk^ts  below  cutoff  are  assumed  to  vaporizer  and  mix  instantaneously) 
and  the  new  subgrid  LES  (denoted  LES-LEM)  for  the  infinite  rate  case.  It 
can  be  seen  that  in  the  conventional  case,  increasing  the  cutoff  size  drastically 
changes  the  product  formation  which  is  incorrect  since  the  same  amount  of  fuel 
is  being  vaporized.  However,  the  new  approach  (Fig.  2)  consistently  predicts  the 
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same  product  formation  except  when  the  cutoff  size  is  increased  to  very  large 
values.  There  is  a  significant  computational  advantage  of  this  approach  since 
increasing  the  cutoff  size  by  a  factor  of  4  decreases  the  computational  cost  by  a 
factor  of  around  4  in-spite  of  the  increase  in  computational  effort  due  to  the  new 
subgrid  model.  This  suggests  that  using  an  efficient  parallel  solver,  LES-LEM 
of  two-phase  flows  could  be  simulated  in  a  cost  effective  manner. 


Figure  1;  Product  density  in  a  tempo-  Figure  2:  Product  density  in  a  tem- 
ral  mixing  layer  as  predicted  by  a  con-  poral  mixing  layer  as  predicted  by  the 
ventional  LES  LES-LEM 

Simulations  of  spray  mixing  and  combustion  using  both  closures  are  being 
carried  out  in  a  full  scale  GE  combustor.  In  this  combustor,  a  highly  swirling 
air  flow  enters  the  combustor  at  a  very  high  Reynolds  number  (350,000  based  on 
inlet  diameter  and  axial  velocity).  A  (log-normal)  spray  of  methanol  is  injected 
in  a  45-degree  cone  from  the  axis  at  the  entrance  of  the  combustor.  Infinite  rate 
kinetics  with  heat  release  is  investigated.  Figures  3  and  4  show  respectively,  the 
instantaneous  temperature  and  droplet  pattern  in  the  combustor. 


4  Conclusions 

In  this  paper,  the  application  of  a  new  subgrid  based  spray  vaporization  and 
mixing  model  within  a  SSF-LES  methodology  is  reported.  It  has  been  shown 
that  the  new  subgrid  model  correctly  predicts  the  product  formation  in  shear 
layers  even  when  the  cutoff  size  is  increased.  Subsequently,  spray  vaporization, 
fuel-air  mixing  and  heat  release  effects  in  a  full-scale  gas  turbine  combustor  is 
studied  to  determine  the  impact  of  properly  accounting  for  small-scale  mixing 
effects. 
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Figure  3;  Instantaneous  temperature  4.  instantaneous  droplet  spray 

contours  in  the  GE  LM  6000  distribution  in  the  GE  LM  6000 
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1  Introduction 

It  is  hypothesized  that  the  spatial  structure  of  a  turbulent  nonpremixed  flame 
plays  an  important  role  in  determining  the  emissions  of  radiative  energy,  soot  and 
NOx  from  a  combustor.  This  structure,  manifested  in  the  two  point  statistics,  is 
influenced  b}^  buoyancy.  Radiation,  soot  and  NOx  emissions  are  the  cumulative 
result  of  processes  that  occur  throughout  a  flame.  Turbulence  models  generally 
rely  on  a  single  point  closure  of  the  appropriate  time  averaged  equations.  Hence, 
spatial  information  is  lost  and  needs  to  be  modeled  using  solution  variables  such 
as  turbulence  kinetic  energy  and  dissipation  rate,  often  with  the  assumption  of 
isotropy.  However,  buoyancy  can  affect  the  physical  structure  of  turbulent  flames 
and  can  change  the  spatial  extent  of  soot  bearing  regions.  Experiments  in  the 
NASA  Glenn  drop  tower  and  LES  simulations  are  applied  for  the  investigation 
of  buoyancy  effects. 


2  Experiments 

Nonpremixed  flames  at  atmospheric  pressure  are  established  on  a  1.6  mm  I.D. 
nozzle  (length/  diameter  >  20)  with  a  nonpremixed  pilot  flame.  A  regulator 
and  fine  control  valve  are  adjusted  using  a  mass  flow  meter  to  deliver  a  known 
fuel  flow  rate.  The  ethylene  or  acetylene  flow  through  the  central  gas-jet  tube  is 
about  2.6  L/min  giving  a  typical  Reynolds  number  of  around  4,000  while  the  fuel 
flow  for  the  laminar  coannular  pilot  flame  is  roughly  10  seem.  The  experiments 
employ  the  2.2s  drop  rig  currently  at  NASA  Glenn  Research  Center.  A  Laser 
Induced  Incandescence  (LII)  configuration  is  used  to  obtain  2d  maps  of  soot 
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volume  fraction;  Particle  Imaging  Velocimetry  (PIV)  is  also  used  within  the  2.2 
s  drop  tower  facility,  using  a  pulsed  Nd:YAG  laser  and  video  camera.  Image 
analysis  was  performed  using  custom  software  developed  at  NASA-Glenn.  For 
Reynolds  numbers  of  about  4000,  time  separations  between  the  two  laser  pulses 
range  from  50  -  100  fis  to  achieve  reasonable  spatial  resolution.  Two  dimensional 
images  of  soot  within  the  turbulent  flames  initially  at  Ig  have  been  obtained; 
the  images  arc  compared  with  the  results  of  an  LES  simulation. 


3  Modeling 

The  primitive  variables  formulation  of  the  compressible  Navier-Stokes  equations 
in  cylindrical  coordinates  is  set  up  in  dimensionless  form  consistent  with  the  zero 
Mach  number  limit  such  that  the  incompressible  equations  are  recovered  with¬ 
out  singularities  (Hafez  et  ah,  [1]).  The  equations  arc  discretized  using  a  Fourier 
spectral  method  in  azimuthal  direction  and  high  order  finite  difference  methods 
in  the  other  two  spatial  directions.  The  solver  (sec  Auston  et  ah  [5]  for  details) 
allows  tlie  choice  of  second  to  eighth  order  for  first  and  second  derivatives  as 
explicit  central  difference  operators  or  third  to  ninth  order  upwind-biased  dif¬ 
ferences  for  the  convective  terms  in  non-conservative  formulation.  MUSCL  and 
ENO  schemes  are  a.vailablc  for  the  convective  terms  in  conservative  formulation 
(Wu  et  ah  [6]).  High  order  filters  are  used  to  provide  the  numerical  dissipation  to 
stabilize  the  systimi  (Kennedy  and  Carpenter  [3]).  A  fourth  order  Rungc-Kutta 
type  time  integration  method  with  minimal  storage  requirements  (Kennedy  and 
Carpenter  [3])  is  implemented.  The  simulation  of  turbulent  flows  requires  the 
ability  to  prescril^e  time  dependent  boundary  conditions  for  spatially  evolving 
flows.  Hence,  the  proper  form  of  boundary  conditions  for  compressible  flows 
in  domains  with  entrance  and  exit  sections  according  to  Poinsot  and  Lelc  [2]  is 
applied. 

The  performance  of  the  solver  is  illustrated  for  two  axi-symmetric  flows. 
Swirling  round  jets  offer  a  significant  advantage  over  non-swirling  jets  for  be¬ 
ing  much  shorter,  hence  allowing  better  resolution  with  the  same  number  of  grid 
points.  Flows  with  and  without  combustion  at  the  R.cynolds  number  Re  =  1500, 
the  Mach  number  Mq  =  0.4  and  the  Swirl  number  S  =  141  are  simulated. 
The  semi-infinite  flow  domain  is  mapped  onto  the  standard  domain  using  two- 
parameter  exponential  maps.  The  number  of  grid  points  was  nr  xnz  =  131x261 
with  uniform  spacing  in  the  image  domain.  The  sixth  order  accurate  spatial 
difference  operators  are  used  with  eighth  order  explicit  filters.  The  initial  condi¬ 
tions  are  ramped  up  smoothly  to  their  full  value  within  At  =  2  time  units.  The 
combustion  is  simulated  by  a  compressible  flame  sheet  model  for  the  reaction  of 
ethylene  with  air.  The  local  thermodynamic  state  in  this  model  is  determined 
by  three  scalar  variables:  Mixture  fraction,  density  and  internal  energy.  A  sim¬ 
ple  model  for  soot  (Kennedy  et  ah  [4])  and  radiative  heat  loss  as  described  by 
Auston  et  ah,  [5]  have  been  implemented. 

The  isotherms  for  cold  compressible  flow  in  fig.l  at  time  t  =  11.17  and  for 
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Figure  1:  Isotherms  in  compressible  cold  flow  for  t  =  11.17  and  Re  =  1500, 
5  =  1.41 


the  ethylene  flame  in  fig.2  at  the  late  time  t  =  18.44  reflect  vortex  structures 
generated  in  both  flows.  The  reacting  case  in  fig.2  shows  a  distinct  difference  to 
the  cold  flow  as  can  be  expected.  The  temperature  variation  in  the  flame  leads  to 
a  marked  increase  in  viscosity,  hence  the  flow  is  less  complex.  Furthermore,  the 
compressible  flame  sheet  models  allow  temperature  change  due  to  compression 
and  stretching  and  heat  loss  due  to  radiation  via  soot.  The  soot  model  is  not 
used  for  the  present  flame  simulation,  but  the  temperature  reduction  due  to  local 
expansion  near  the  flame  tip  is  visible. 


4  Conclusions 

A  compressible  Navier-Stokes  solver  in  cylindrical  coordinates  was  used  to  sim¬ 
ulate  axi-symmetric  cold  and  reacting  flows  at  high  swirl  numbers.  The  com¬ 
pressible  flame  sheet  model  shows  reduction  of  the  adiabatic  flame  temperature 
due  to  local  expansion. 
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Figure  2:  Isotherms  in  compressible  flame  for  t  =  18.44  and  Re  =  1500,  S  =  1.41 
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1  Introduction 

A  major  research  topic  in  LES  has  been  the  development  of  models  that  account 
for  the  interaction  between  resolved  and  unresolved  scales.  To  this  end  the 
subgrid  scale  (SGS)  term  in  the  filtered  momentum  equations  have  been  given 
special  attention.  Recently  mixed  models  in  combination  with  explicit  smooth 
filtered  Navier  Stokes  equations  were  thoroughly  examined  in  literature.  In  this 
article,  it  will  be  shown  that  an  explicitly  smooth  filtered  LES  formulation  is 
equivalent  to  a  sharp  cut  off'  filtered  one.  Using  an  idealised  mixed  model,  both 
formulations  are  a  posteriori  tested  and  compared.  For  the  presented  test  case, 
results  are  exactly  the  same. 


2  Filtered  equations 

In  most  cases,  model  development  and  formulation  are  closely  related  to  the 
exact  SGS  tensor  which  arises  in  the  classical  filtered  Navier  Stokes  equations 

rij,sgs  =  pUiUj  -  (1) 

where  in  a  compressible  formulation  p  is  a  reynolds  filtered  quantity,  while  Ui  is 
a  favre  filtered  quantity.  The  distinction  between  Reynolds  and  Favre  filtering 
should  be  clear  from  the  context.  Neither  discretisation  and  dealiasing  opera¬ 
tions  nor  possible  discretisation  errors  are  considered  in  the  above  formulation. 
However,  for  consistent  model  development  and  comparison,  it  is  important  to 
introduce  these  operations  formally. 

Define  ()  as  the  numerical  cut  off  filter.  This  operation  accounts  for  the 
loss  of  information  resulting  from  the  discretisation.  It  is  assumed  that  within 
its  resolved  range  all  numerical  operations  (such  as  derivations)  are  performed 
error  free.  In  case  of  a  spectral  fourier  method,  this  filter  is  a  sharp  cut  off 
filter  with  numerical  cut  oft'  kne  =  tt/A,  where  A  is  the  physical  mesh  spacing. 
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The  dealiasing  operation  on  the  nonlinear  term  uiuj  equals  uiuj.  Thus,  the 
momentum  equation  can  be  written  as 

dpuj  dpiljUj  ^  ^  ^  drij.nc  ^2) 

dt  dxj  dxi  dxj  dxj 

Tij^nc  =  pUpLj  -  pUiUj.  (3) 

Here,  Tiync  is  often  modelled  using  a  dynamic  Smagorinsky  model: 

(1  \  1  ^  Q C~  'N 

^  ~  2  Qxj  dxi  J 

Dealiasing  operations  are  introduced  explicitly  into  the  model  formulation  using 
the  0 “filter  notation. 

If  a  smooth  filter  ()  (such  as  a  gaussian  or  top  hat  filter)  is  applied  on  the 
Navier  Stokes  equations,  the  numerical  cut  off  filter  and  dealiasing  operation 
should  still  be  accounted  for.  This  leads  to  a  double  filtered  momentum  equation: 


dp'di  dpujU  j  __ 

dt  dxj 


dp 

'^1 


)p  drij  d  ~  \  ,  d  ( 

^  ~ 

I  J  J  S  . .  -  .  ''  ^ 


Tij.nc 


(5) 

The  SGS  term  consists  of  two  parts.  It  is  readily  seen  that  the  second  part  equals 
the  (^filtered  SGS  term  of  eq.(3).  The  first  part  is  ()-filtered  as 

a  rcrsult  of  the  explicitly  notated  dealiasing  operator  on  the  convection  term.  It 
is  clear  that  eq.(5)  is  equivalent  to: 


dpiLi  dp'lLpLj 

~W  dxj 


dp  ^  _d_ 

dxi  dxj  dxj 


(^pUiUj 


(6) 


Thus,  the  formulation  of  eq.(5)  is  formally  equivalent  with  eq.(2)  in  case  Tij^sim  is 
modelled  exact  and  TjJ^ic  in  eq.(5)  is  modelled  similar  to  rij^ac  in  eq.(2)  by  using 
nj^,M  (cfr.  eq.(4)).  These  conditions  can  be  fulfilled  in  a  practical  simulation 
with  an  appropriate  smooth  filter.  An  exact  deconvolution  model  (EDM)  can 
then  be  found  to  reconstruct  {p,iJi,...)  from  (p,Ui,...).  These  simulations  will 
be  referred  to  as  EDM!  simulations. 

In  most  mixed  model  formulations  (p,  Uj, ...)  are  not  available  and  only  double 
filtered  variables  arc  used  in  the  modelling  of  When  a  Smagorinsky  term 

is  used,  this  leads  to 


^i.j,nc,i-n  v  —  ‘^pC \J ^ij 


Sij  -  "Saa- 


5.  =  2 


dui  d'lLj 
dxj  dxi 


Simulations  using  the  formulation  of  eq.(7)  combined  with  exact  deconvolution 
for  will  be  referred  to  as  EDMinv  simulations.  Furthermore,  due  to  the 

equivalence  between  eq.(2)  and  eq.(5),  the  EDMinv  simulation  is  analogous  to 
an  inverse  Smagorinsky  formulation  in  e(p(2).  This  would  result  in  explicitly 
filtering  the  velocity  field,  using  it  in  eq.(7)  an  dchltering  Tij^nejuv  afterwards. 
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3  Results  and  discussion 

LES  of  homogeneous  isotropic  turbulence  was  performed.  Reference  case  is  a 
256^  DNS  with  initial  Rca  ~  90  ([1],[2]).  LES  was  performed  on  a  64  cube  us¬ 
ing  three  different  formulations,  i.e.  eq.(2)  combined  with  a  Smagorinsky  model 
(referred  to  as  Smagorinsky),  eq.(5)  combined  with  EDM  and  eq.(5)  combined 
with  EDMinv.  The  EURANUS-code  [3]  was  used.  Here,  explicit  smooth  fil¬ 
tering  was  performed  in  physical  space  using  PadAfilters.  Furthermore,  sharp 
cut  off  and  dealiasing  operations  were  performed  in  spectral  space.  Results  of 
energy  spectra  at  three  different  time  levels  (0.33,  3.33  and  4.83)  are  presented 
in  figure  1.  For  EDM  and  EDMinv  simulations,  the  computed  velocity  field  is 
first  defiltered  for  comparison  with  the  Smagorinsky  simulation  and  the  sharp 
cut  off  filtered  DNS  data.  All  simulations  are  in  good  agreement  with  DNS.  LES 
and  DNS  results  differ  at  the  tail  of  the  spectrum. 

Results  of  the  Smagorinsky  and  EDM  simulations  lie  very  close  to  each  other. 
Negligible  differences  can  be  seen  at  time  4.83  in  the  zoomed  spectrum  only. 
These  results  confirm  the  equivalence  between  eq.(2)  with  Smagorinsky  and 
eq.(5)  with  EDM.  Although  the  magnitude  of  the  Smagorinksy  term  in  eq.(5)  is 
decreased  by  the  smooth  filter  operation,  its  dynamical  influence  on  the  smooth 
filtered  field  is  thus  unchanged. 

Simulations  with  EDMinv  seem  to  give  slightly  better  results.  However,  it 
should  be  noted  that  this  improvement  only  results  from  the  reformulation  of 
the  Smagorinsky  term,  since  the  similarity  term  was  modelled  exact  both  for 
EDM  and  EDMinv.  Although  results  for  EDMinv  are  sightly  better  for  this  test 
case,  this  improvement  is  obtained  by  an  ad  hoc  alteration  of  the  Smagorinsky 
model  (see  discussion  at  the  end  of  section  3),  without  any  theoretical  basis. 


4  Conclusions 

By  introducing  discretisation  and  dealiasing  operators  directly  into  the  smooth 
filtered  equations,  smooth  filtered  LES  is  theoretically  shown  to  be  equivalent 
with  sharp  cut  off  filtered  LES.  Both  formulations  were  tested  in  homogeneous 
isotropic  turbulence.  Numerical  results  confirmed  that  a  Smagorinsky  model 
for  the  sharp  cut  off  filtered  LES  and  an  ideal  mixed  model  (using  EDM)  for 
the  double  filtered  equations  are  equivalent.  When  the  Smagorinsky  part  in  the 
mixed  model  is  reformulated  (EDMinv),  results  were  slightly  different.  Most 
mixed  models  in  literature  use  this  formulation.  However  the  slightly  better 
results  can  be  attributed  to  the  reformulation  of  the  Smagorinsky  model. 
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Figure  1:  Spectra  for  homogeneous  isotropic  turbulence  (Right  column  is  zoom 
of  left  column)  at  3  instances  in  time:  row  0.33,  2'^'^  row  3.33  and  3^^'  row 
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1  Introduction 

Coherent  vortical  structures  are  known  to  exist  in  various  turbulent  flows,  e.g., 
the  worms  in  the  homogeneous  isotropic  turbulence  [1].  These  structures  are 
roughly  divided  into  the  two  groups;  the  vortex  tube  and  sheet.  Significant 
contributions  of  these  structures  for  the  dissipation  of  the  turbulent  energy  has 
been  previously  shown  [1].  For  the  sheet  structures,  however,  there  exists  (at 
least)  two  kinds.  One  is  that  similar  to  the  Burgers’  vortex  layer  (flat  sheet) 
generated  in  plane-strained  flow,  and  the  other  one  is  the  cylindrical  sheet  sur¬ 
rounding  the  vortex  tube  generated  in  axially-strained  flow  [2,  3].  The  aim  of 
the  present  study  is  to  identify  the  structure  which  is  most  responsible  for  the 
transfer  and  dissipation  of  the  turbulent  energy,  and  conduct  an  assessment  of 
the  subgrid  scale  (SGS)  models  in  large-eddy  simulation  (LES)  on  the  accuracy 
for  prediction  of  vortical  structures  responsible  for  the  transfer. 

2  Classification  method  and  DNS  data  analysis 

In  order  to  distinguish  these  two  sheets  and  tube  structures,  we  developed  a  clas¬ 
sification  method,  which  is  based  on  the  eigenvalue  solutions  for  the  byproducts 
of  strain  rate  tensor,  Sjj  and  vorticity  tensor,  Q,ij  (A2  method  [4]).  To  elimi¬ 
nate  the  crossover  of  the  eigenvalues,  [2,  3,  5,  6]  we  reordered  the  eigenvalues 
so  that  the  eigenvalue,  the  eigenvector  of  which  is  most  aligned  with  the  local 
vorticity  vector,  is  chosen  as  A^,  and  the  largest  eigenvalue  among  the  remaining 
two  eigenvalues  as  A+,  and  the  smallest  one  as  A_.  Similar  reordering  was  used 
to  define  the  eigenvalues  for  Sij  as  (J-  ,  (j+ ,  a-  [5] .  We  denote  the  correspond¬ 
ing  eigenvectors  for  (j- ,  iT-p ,  cr_  as  e~,e-p,e_,  respectively.  It  was  shown  that 
the  cylindrical  sheet  region  is  effectively  identified  by  imposing  the  condition 
(A+  >  A_  >0),  and  the  fiat  sheet  region  by  (A-p  >  0  >  A_),  and  the  core  region 
of  the  vortex  tube  by  A+  <  0  [7]. 
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Figure  1  Weighted-pdf  profiles  for  the  Figure  2  Weighted-pdf  profiles  for  SGS 
dissipation  rate  e  production  term  P 

We  have  utilized  the  incompressible  decaying  homogeneous  isotropic  turbu¬ 
lence  DNS  data  which  were  generated  with  128,  128  and  128  grid  points,  at 
Rex  =  26.8.  Figure  1  shows  the  weighted-probability  densities  (p/(p)Ap)  for 
the  dissipation  rate  of  the  turbulent  energy,  e.  Intense  dissipation  primarily  oc¬ 
curs  in  the  flat  sheet  region,  the  dissipation  generated  in  the  tube-core  region 
is  rather  small,  and  the  dissipation  generated  in  the  cylindrical  sheet  region  is 
intermediate  between  them. 

We  examined  the  contribution  of  the  structures  for  the  energy  cascade  by 
estimating  the  grid  scale  -  SGS  energy  transfer  in  LES.  The  energy  transfer 
occurs  through  the  SGS  production  term,  P  =  -rijduildxj  {rij  is  the  SGS 
stress  tensor).  Positive  P  implies  the  forward  scatter  of  the  grid-scale  energy 
into  the  SGS,  while  negative  P  implies  the  backward  scatter.  We  obtained  an 
estimate  of  the  P  term  by  applying  the  Gaussian  filter  to  the  DNS  data,  reducing 
128  grid  points  to  32  grid  points  in  each  direction.  Figure  2  shows  the  weighted- 
pdfs  of  P.  In  good  correspondence  with  the  decomposition  of  the  dissipation  rate 
(Fig.  1),  the  energy  cascade  (forward  scatter)  primarily  arises  in  the  flat  sheet 
region,  whereas  the  backward  scatter  primarily  occurs  in  the  tube-core  region. 
Considerable  occurrence  of  negative  az  was  found,  and  the  backward  scatter 
events  were  highly  correlated  with  the  events  with  negative  cr~,  indicating  that 
the  backward  scatter  occurs  along  the  compressed  vortex  tube.  Figure  3  for 
the  weighted-pdfs  of  the  P  term  with  conditional  sampling,  u-  <  0,  shows  that 
the  P  term  is  mostly  negative  in  the  tube-core  region.  When  <  0,  (T4-  >  0, 
implying  that  the  amplitude  of  the  vorticity  along  cr~,  cu-,  is  reduced.  Figure 
4  shows  the  scatter  plot  between  cr,  and  the  vortex-stretching  term,  cu  ■  W, 
projected  onto  the  eigenvector  e-,  (fTz(e-  •^)^),  obtained  in  the  tube-core  region 
of  the  (unfiltered)  DNS  data,  where  W  denotes  the  vortex-stretching  vector.  It 
can  be  seen  that  the  amplitude  of  the  vorticity  along  e,  is  reduced,  in  turn, 
the  azimuthal  vorticity,  is  enhanced  due  to  the  backward  scatter.  In  fact, 
the  magnitude  of  the  vortex-stretching  term  along  the  e+  was  large  (figure  not 
shown).  With  a  lapse  of  time,  the  role  reversal  of  uJz  and  [6]  will  take  place 
along  the  compressed  tube.  We  note  that  this  reversal  cannot  be  accomplished 
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Figure  3  Weighted-pdf  profiles  for  P  Figure  4  Scatter  plot  between  cr.  and 
with  (7-  <  0  CTzi^z  ■ 

in  the  Burgers’  vortex  tube  and  layer  models. 


3  Assessment  of  the  SGS  models 

As  for  the  SGS  models,  we  considered  the  Smagorinsky  model,  dynamic  Smagorin- 
sky  model  (DSM)  [8,  9],  dynamic  mixed  model  {Cb  -  Cs  model  [10])  and  SGS 
estimation  model.  The  P  term  estimated  using  the  Smagorinsky  model  yielded 
good  correlation  with  the  DNS  exact  value  (correlation  coefficient  (C.C.)=0.73), 
since  the  forward  energy  scatter  primarily  arised  in  the  flat  sheet  region,  in 
which  the  strain  is  dominant.  DSM  yielded  poor  correlation  with  the  DNS  data 
(C.C.=:0.17).  This  poor  correlation  was  improved  to  0.73  in  Cb^Cs  model,  but 
the  amplitude  of  the  P  term  obtained  using  Cb  -  Cs  model  was  smaller  than  the 
exact  value.  These  results  were  obtained  because  of  an  elimination  of  the  effect 
of  strain  on  the  Smagorinsky  constant,  Cs,  which  occurred  due  to  a  cancellation 

of  the  two  terms  A^|5|5ij  and  A  \S\Sij  (C.C.  between  these  two  terms  was 
0.97)  contained  in  the  Sij  term  [10].  Thus,  C.C.  between  the  Sij£ij  term  and 
the  SijSij  term  was  lowered  to  0.46.  This  drawback  of  the  dynamic  SGS  models 
was  circumvented  in  the  SGS  estimation  model,  in  which  high  correlation  with 
the  exact  value  was  obtained  (C.C. =0.86). 

These  SGS  models  were  assessed  in  an  actual  LES  in  which  these  SGS  models 
were  incorporated.  Figure  5  shows  the  weighted-pdfs  of  Cs  decomposed  into 
three  regions  obtained  using  DSM.  Large  values  of  Cs  primarily  arise  in  the 
tube-core  region,  and  thus  the  contribution  of  the  sheet  region  for  the  energy 
transfer  was  significantly  reduced,  contrary  to  the  result  from  the  DNS  data. 
The  SGS  estimation  model  [11]  yielded  the  best  agreement  with  the  DNS  values. 
Figure  6  shows  the  weighted-pdfs  of  a.  obtained  using  different  models.  Since  the 
generation  of  the  azimuthal  vorticity  associated  with  the  backward  scatter  event 
is  not  accurately  captured  when  the  Smagorinsky  model  is  used,  an  evolution  of 
the  vortical  structures  is  not  well  predicted  by  using  the  Smagorinsky  model. 
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Figure  5  Weighted-pdf  profiles  for  Cs  Figure  6  Weighted-pdf  profiles  for  a~ 
DSM  yielded  a.  better  prediction  for  the  pdfs  of  ct;;  ,  but  the  predicted  structure 
responsible  for  energy  transfer  was  different  from  the  DNS  exact  one.  The  SGS 
estimation  model  yielded  the  best  agreement  with  the  DNS  exact  data. 

4  Conclusions 

Dissipation  of  turbulent  energy  and  the  forward  scatter  of  the  grid-scale  energy 
into  the  SGS  primarily  took  place  in  the  flat-sheet  region,  and  the  backward 
scatter  primarily  occurred  in  the  compressed  tube-core  region.  Intense  azimuthal 
vorticity  was  generated  along  the  compressed  tube.  When  the  Smagorinsky 
constant  was  determined  using  the  dynamic  procedure  [8],  the  effect  of  the  strain 
on  the  model  was  reduced,  and  an  accuracy  of  the  prediction  for  the  vortical 
structures  responsible  for  the  energy  transfer  was  lowered. 

This  work  was  partially  supported  by  a  Grant-in- Aid  from  the  Ministry  of 
Education,  Science  and  Culture,  Japan  (No.  10650162), 
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To  date,  most  work  in  the  field  of  large  eddy  simulation  has  focused  on 
subgrid-scale  modeling  through  a  variety  of  dimensional  reasoning,  scaling  as¬ 
sumptions,  and  ad  hoc  approaches  in  which  the  subgrid  stress  tensor  rij  is  related 
back  to  resolved  variables.  We  are  developing  a  fundamentally  different  approach 
to  the  modeling  of  subgrid-scale  stresses  in  turbulent  flow.  This  makes  use  of 
the  significant  body  of  experimental,  numerical,  and  theoretical  evidence  which 
indicates  that  gradient  quantities  such  as  the  enstrophy  |cj-a;(x,  t)  exhibit  multi¬ 
fractal  scale-similarity  at  intermediate  scales  in  turbulent  fiows  (e.g.,  Frederiksen 
et  al  1997).  We  therefore  formulate  the  Navier-Stokes  equations  solely  in  terms 
of  the  vorticity,  leading  to  an  integro-differential  form  in  which  the  nonlinear 
terms  appear  as  integrals  over  the  vorticity  field  The  spatially-filtered 

forms  of  these  equations  then  allow  the  subgrid-scale  enstrophy  to  be  represented 
by  synthetically  generated  multifractal  fields.  The  resulting  integrals  over  the 
multifractal  subgrid-scale  fields  can  be  treated  analytically  in  terms  of  the  un¬ 
derlying  scale-invariant  multiplier  distribution  P{Ms). 

It  may  appear  natural  to  first  test  this  approach  on  the  simpler  problem  posed 
by  the  one-dimensional  Burgers  equation.  Differences  between  Burgers  turbu¬ 
lence  and  hydrodynamic  turbulence  are  widely  known  {e.g.,  Kraichnan  1990; 
Gotoh  &  Kraichnan  1993;  Bouchaud,  Mezard  &  Parisi  1995).  Of  relevance  here, 
Burgers  equation  acquires  infinitely  many  invariants  when  the  viscosity  vanishes 
and  contains  only  local  interactions  in  the  physical  domain.  To  nevertheless 
mimic  hydrodynamic  turbulence  as  best  possible  within  this  simpler  context, 
we  used  white-in-time  correlated  Gaussian-random  forcing  (Chekhlov  &  Yakhot 
1995)  which  produces  a  energy  spectrum.  Velocity  fields  u(x,  t)  were  gen¬ 
erated  using  high-resolution  simulations  with  a  finite- volume  method  over  2^^ 
points.  Simulations  over  longer  times  produced  energy  spectra  E{k)  such  as  that 
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in  figure  IfaJ,  which  verifies  the  k  scaling. 

We  then  examined  the  resulting  dissipation  fields  [du/dxY  such  as  in  figure 
1(h),  for  multifractal  scale-similarity  by  generating  the  multiplier  distributions 
P{Me)  over  a  wide  range  of  scales  e.  Scale-invariance  in  these  distributions  is 
inherent  in  multifractal  scaling  and  central  to  the  subgrid-scale  modeling  ap- 
proach  developed  here.  However,  as  the  results  in  figure  1(c)  clearly  show,  the 
velocity-gradient  fields  from  our  forced-Burgers  simulations  do  not  demonstrate 
scale-invariant  multiplier  distributions.  At  no  two  scales  is  the  distribution  self¬ 
similar,  indicating  that  the  field  is  not  multifractal  at  any  scale  sampled.  We  also 
anal3'’zed  the  distribution  of  singularity  strengths  /{a)  in  the  dissipation  fields 
over  the  same  scales,  which  must  also  be  scale-invariant  if  the  field  is  multifrac¬ 
tal.  As  with  the  P(A4)  distributions,  the  f(a)  distributions,  as  seen  in  figure 
1(d),  show  no  scale  invariance,  confirming  that  the  dissipation  fields  cannot  be 
multifractal. 


Figure  1:  Results  for  Burgers  turbulence  driven  by  correlated  Gaussian-random  forcing, 
sliowing  (a)  energy  spectrum  for  correlated-forcing  regime  exliibiting  scaling,  (b)  nor¬ 

malized  dissipation  field  {du/dx)'^,  (c)  multiplier  distributions  P{Ms)  at  five  length  scales  e 
from  the  dissipation  field  in  b,  (d)  distribution  of  singularity  strengths  f(a)  at  the  same  five 
scales  examined  in  c. 


The  lack  of  such  scale-invariance  in  the  P{Ms)  and  f{a)  distributions  was 
further  verified  in  simulations  of  Burgers  equation  with  random  forcing  without 
correlations  (hence  with  a  kr‘^  energy  spectrum).  Here  Burgers  systems  driven 
by  uniform-random  and  Gaussian-random  forcing,  as  shown  in  figures  2  and  3, 
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also  produced  P(Ms)  and  f(a)  distributions  lacking  scale-similarity  at  all  scales 
sampled.  This  indicates  that  the  lack  of  multifractal  character  is  not  connected 
with  the  correlations  in  the  original  forcing  or  with  the  particulars  of  any  forcing 
scheme. 


Figure  2:  Similar  to  figure  1,  but  showing  results  for  Burgers  turbulence  driven  by  uniform- 
random  forcing.  Note  resulting  scaling  of  energy  spectrum,  but  lack  of  scale-similarity 
in  both  the  P{Ms)  and  /(a)  distributions,  indicating  that  the  dissipation  field  again  lacks 
multifractal  character. 


A  posteriori,  the  failure  of  the  one-dimensional  Burgers  equation  to  produce 
scale-invariant  multiplier  distributions  P{Ms)  indicative  of  multifractal  scale- 
similarity  may  not  be  surprising.  The  purely  local  nature  of  the  dynamics  in 
one-dimension  reflects  the  fact  that  this  equation  involves  only  stretching,  but 
no  folding  action  such  as  provided  by  vorticity  gradients  in  hydrodynamic  tur¬ 
bulence.  Burgers  equation  in  one  dimension  thus  has  no  mechanism  to  fold  the 
fine-scale  structures  on  which  the  velocity  gradients  are  concentrated  into  scale- 
invariant  fields,  and  thus  cannot  be  used  to  test  subgrid-scale  models  based  on 
multifractal  scaling.  This  is  directly  relevant  to  tests  of  our  approach,  and  may 
extend  to  other  subgrid-scale  models  based  on  scale-similarity  (e.<?.,  Scotti  & 
Meneveau  1997,  1999). 
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Figure  3:  Similar  to  figures  1  and  2,  but  showing  Burgers  turbulence  driven  by  Gaussian- 

random  forcing.  The  lack  of  scale-similarity  in  both  the  P{Ms)  and  /(a)  distributions  indicates 

that  the  absence  of  multifractal  character  is  not  tied  to  the  correlations  in  the  original  forcing 

or  with  the  particulars  of  any  forcing  scheme. 
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1  Introduction:  the  incremental  unknowns 


The  model  presented  here  is  based  on  a  splitting  of  the  velocity  field  in  the 
spectral  space.  We  use  the  following  notations  for  the  Navier-Stokes  equations 
for  incompressible  flows: 


duj 

'W 


-  i/v 


d'^Ui 


dxjdxj  dxj 


d 


(1) 


The  velocity  field  ui  is  split  using  two  sharp  cut-off  filters: 


Ui  =  Ui-\-  Ui  +  u'l 


(2) 


where  lii  are  the  resolved  scales  (corresponding  to  the  wavenumber  km  =  Ni/2 
in  the  spectral  space),  Ui  are  the  incremental  unknowns  (lU)  (corresponding  to 
wave- numbers  from  km  to  k-m  =  -^2/2),  and  u[  are  the  smallest  scales  (corre¬ 
sponding  to  wave- numbers  larger  than 

Following  the  concept  of  lU  (see  [2]),  we  write  the  following  LES  equations 


for  u  f. 


duj  _  d'^Uj 
dt  dxjdxj 


^  («i%)  +  ^ 


where  _ 

Tij  =  (ui  +  Ui)(uj  -f  Uj)  -  UiUj  (4) 

is  used  as  an  approximation  of  the  subgrid-scale  stress  tensor  Tij  =  uiUj  —UiUj. 


2  The  LES  model 

It  is  a  well  known  fact  (see  [4])  that  the  dissipative  action  of  the  smallest  scales 
is  localized  on  the  structures  of  size  two  times  larger.  Thus,  Tij  ^  nj  can  be 
considered  to  be  valid  for  N2  =  2Ni . 
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Nonetheless,  has  a  significant  dissipative  action  on  Wj.  Thus,  neglecting 
u[  induces  an  over-prediction  of  the  kinetic  energy  of  Ui,  and  an  over-prediction 
of  the  dissipative  action  of  Ui  upon  ui.  The  large  scales  are  then  not  well  repro¬ 
duced. 

Different  strategies  have  already  been  implemented  to  compute  a  SGS  which 
provides  the  correct  amount  of  dissipation  on  the  resolved  scales.  It  consisted 
in  both  a  quasi-static  approximation  on  the  lU  and  a  modification  of  the  phases 
of  the  spectral  coefficients  of  the  SGS  (see  [1]).  The  numerical  results  were  very 
close  to  those  obtained  with  direct  numerical  simulations  (DNS)  in  the  context 
of  periodic  flows,  but  there  still  remained  many  problems  to  solve. 

First,  those  strategies  needed  some  parameters,  and  we  had  to  adapt  those 
parameters  to  the  physics  of  the  flows  and  to  the  cut-off  levels.  Moreover,  those 
strategies  were  very  hard  to  adapt  to  wall  bounded  flows. 

3  Control  of  the  spectral  decay  of  the  energy 

Here,  we  present  a  multilevel  model  (ML)  which  advances  in  time  u-,  and  and 
controls  the  decay  of  the  energy  spectrum  of  ui  by  imposing  E{k)  =  for 
Aim  <k  <  kn-.-  We  first  chose  a  =  5/3,  assuming  that  the  cut-off  level  Afi  lies  in 
the  inertial  range.  Other  values  for  the  coefficient  a  were  tested,  and  it  turned 
out  that  the  optimal  value  of  a  depends  on  the  physics  of  the  flow  (particularly 
on  the  Reynolds  number)  and  on  the  cut-off  level  A^i. 


Figure  1:  The  dynamic  procedure  to  control  the  spectral  decay  of  the  kinetic 
energy. 

We  have  performed  a  procedure  which  evaluates  dynamically  a  in  terms  of 
fii,  and  which  does  not  require  any  a  priori  parameter.  The  idea  is  to  extrapolate 
the  decay  observed  between  the  wavenumber  kmax  and  kn^ ,  where  kmax  is  the 
wavenumber  containing  the  most  amount  of  kinetic  energy  (see  Figure  1).  Thus, 
the  decay  of  the  energy  spectrum  of  ui  will  depend  on  the  cut-off  level  kn^  and 
will  follow  the  spectral  decay  of  the  resolved  scales. 
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4  Numerical  results 

We  have  tested  our  model  by  simulating  a  LES  of  the  decaying  grid  experiment 
(see  [6])  for  two  cut-off  levels  and  compared  on  Figure  2  the  results  with  those 
obtained  with  the  dynamic  model  (DM)  of  [3].  We  can  check  that  the  time-decay 
of  the  kinetic  energy  is  well  reproduced  and  that  the  dynamic  evaluation  of  a 
allows  a  correct  prediction  of  the  spectra  of  the  large  scales.  This  test  case  is 
particularly  interesting  because  the  Reynolds  number  decreases  in  time.  Thus, 
the  SGS  dissipation  decreases  too.  Our  dynamic  procedure  provides  values  of  a 
growing  in  time.  A  good  prediction  of  the  SGS  dissipation  is  therefore  insured. 


Figure  2:  Energy  spectra  and  time-decay  of  the  filtered  kinetic  energy.  Left:  ML 
{Ni  =  24),  center:  ML  {Ni  =  32),  right:  DM  {N  =  32).  The  vertical  bar  shows 
the  cut-off  level  for  the  ML  model. 


We  have  also  adapted  this  procedure  to  wall  bounded  flows.  Let  us  consider 
the  channel  flow  problem,  the  discretization  in  space  is  done  using  two  Fourier 
bases  in  the  infinite  (periodic)  directions  x  and  2:,  and  a  Chebyshev-Galerkin 
base  is  used  in  the  normal  direction  y.  We  then  implement  our  model  in  the  two 
infinite  directions,  by  using  two  cut-off  levels  ni^x  and  ni^z  which  correspond 
to  the  resolved  scales,  and  two  cut-off  levels  712, x  and  712, z  corresponding  to  the 
lU.  Then,  for  every  y  in  the  physical  space,  we  define  a  coefficient  a(y)  in  the 
same  way  than  for  the  homogeneous  case  and  use  the  corrected  lU  to  compute 
the  SGS.  Here,  the  ability  of  the  coefficient  a  to  adapt  to  the  behavior  of  the 
resolved  scales  is  particularly  useful  because  of  the  non-homogeneity  of  the  flow. 
Preliminary  results  are  presented  on  Figure  3  for  the  channel  flow  at  Reynolds 
180  (see  [5])  using  a  cut-off  level  for  ni^x  =  =  24. 
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Figure  3:  Mean  velocity  profile  (left,  in  wall  coordinates)  and  rms  of  the  velocity 
components  (right)  for  a  LES  performed  with  =  ni,.  =  24. 

5  Conclusion 

A  new  LES  model  has  been  presented.  This  model  uses  the  concept  of  In¬ 
cremental  Unknowns  to  compute  the  SGS  force.  We  have  described  the  mecha¬ 
nisms  used  to  correct  the  Incremental  Unknowns  and  shown  the  efficiency  of  this 
method  in  the  context  of  periodic  flows.  Preliminary  results  have  been  presented 
for  wall  bounded  flows;  we  now  are  concentring  our  efforts  to  get  breakthrues  in 
this  context. 
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1  Introduction 

The  equation  for  the  second-order  moment  of  the  pressure  (divided  by  the  den¬ 
sity),  p,  gives  rise  to  velocity  fourth-order  moments.  Batchelor  [1]  used  an  as¬ 
sumption  of  quasi-normality  to  factorize  the  latter  into  products  of  second-order 
quantities.  Later,  Larcheveque  [2]  showed  that  the  Quasinormal  (QN)  and  Eddy 
Damped  Quasinormal  Markovian  (EDQNM)  models  led  to  same  closure  equa¬ 
tions  for  the  pressure  spectrum.  Making  use  of  the  QN  closure,  the  pressure 
spectrum  Epp{k,t),  density  in  wavenumber  space  of  <p^/2>,  can  be  related  to 
the  energy  spectrum  E{k,  t).  Now,  consider  the  infrared  region  k  <^ki,  where  kj 
is  the  spectral  peak  of  E{k,t).  By  means  of  leading-order  expansions  in  powers 
of  k/kf,  Lesieur  et.  al  [3]  showed  that  in  incompressible  isotropic  turbulence, 

Epp{k,t)  =  Ap,it)E^-^EO{E^+^)  ,  (1) 

where  d  represents  the  dimension  of  space,  with  Ap.^(t)  =  -jj  ^  dg  and 

=  I  This  result  is  independent  of  both  the  infrared  shape 

of  E(kA)  and  the  Reynolds  number.  One  may  question  the  validity  of  the 
above  analysis,  since  it  is  well  known  that  the  QN  model  fails  to  predict  the 
kinetic-energy  spectrum  in  the  ultraviolet  cascade.  Furthermore,  large-scale  in- 
termittency  and  non-Gaussian  effects  due  to  the  energy  containing  eddies,  may 
alter  the  above  prediction.  In  the  next  section,  we  will  present  results  of  3D  and 
2D  large-eddy  simulations  (LES)  of  decaying  isotropic  turbulence  to  elucidate 
these  issues.  The  question  of  energy  backscatter  will  be  addressed  as  well. 


2  Numerical  Simulations 

We  use  a  standard  dealiased  pseudospectral  code  to  simulate  the  decay  of  in¬ 
compressible  isotropic  turbulence.  In  all  simulations,  the  initial  velocity  field 
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is  Gaussian  and  /?(/;:,  0)  a  exp[— Time  is  expressed  in  terms  of  the 
initial  large-eddy  turnover  time.  In  the  present  case,  the  DNS  display  the  same 
qualitative  trends  as  the  LES,  but  arc  limited  to  short  times  because  of  their 
liigh  dissipativity.  Only  LES  results  will  be  shown  hereafter. 

The  spcctral-d3mamic  model  of  [4]  has  been  used  with  256^  collocation  points 
in  the  3D  case.  The  simulation  on  Fig.  1  starts  with  Sq  =  8  find  is  run  up 
to  t  =  20.  One  secs  the  infrared  kinetic-energy  spectrum  (IKS)  immediately 
adopting  a  kd  behaviour  with  positive  transfer.  Let  us  assume  now  that  in 
the  infrared  limit,  E{k,t)  =  C{t)k^  with  C{t)  oc  We  recall  that  EDQNM 
computations  of  [5]  gave  73  =  0.16.  Chasnov  [6],  in  LES  using  the  plateau- 
peak  type  eddy  viscosity,  found  an  asypmtotic  value  of  0.25.  Since  C{t)  is 
proportional  to  the  Loitsianski  integral,  this  proves  that  the  latter  quantit}'’  is 
not  stricto-sensu  a  time-invariant,  although  it  docs  not  var}'^  very  much  at  the 
latest  stages  of  the  computation.  On  the  other  hand,  the  infrared  pressure 
spectrum  (IPS)  follows  a  k^  law  during  the  whole  simulation  and  decays  rapidly 
(no  pressure  backscatter).  Examination  of  the  compensated  pressure  spectra 
leads  to  E.,,p{k,t)  ^  i).6SAp.^t)k- ,  where  A,,.^  has  been  defined  above.  In  fact, 
this  result  is  independent  of  the  IKS  behaviour:  LES  starting  with  .sq  =  2  (and 
no  energy  backscatter)  still  behave  according  to  the  above  law. 

Let  and  approximate  respectively  the  kinetic-energy  and  pressure- 
variance  decay  laws.  The  EDQNM  model  predicts  that  cVf.  be  governed  by  .sq 
[7].  Within  the  QN  closure,  Batchelor  [1]  showed  that  a.p  =  20:^..  Our  present 
LES  give  1.40  (value  intermediate  between  the  Kolmogorov-10/7  prediction 
assuming  a  constant  Loitsianski  intcrgral  and  the  EDQNM-1.38  value  of  [5])  and 
a-p  ^  2.90,  in  the  case  so  >  4.  For  So  =  2,  a,  1.22  (very  close  to  6/5  =  1.2 
found  in  [8])  and  Op  ^  2.60.  In  LES,  <p^  >  decays  slightly  faster  than  the  QN 
prediction. 


Figure  1:  3D  LES  at  250'L  Temporal  evolution  of  kinetic- energy  (a)  and  pressure 
(h)  spectra  (shown  from,  t  —  0  ( - )  to  t  —  ( - /  hy  2).  Arrows  denote  the 


direction  of  tem,poral  evolution. 

In  2D,  128  independent  1024^  simulations  have  been  performed  with  a  fourth- 
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k  k 

Figure  2:  2D  LES  at  128  x  1024’-^.  Temporal  evolution  of  kinetic- energiy  (a)  and 
pressure  (b)  spectr  a.  (shown  from  t  =  0  ( - )  to  t  =  7b0  ( - )  by  40) ■ 


Figure  3:  (a)  Growth  exponent  of  the  infrared  kinetic- energy  (upper  curves) 

and  pressure  (lower  curves)  spectrum  in  2D  LES  at  1300  x  256"  (  )  and, 

128  X  1024^  ( - ).  (b)  Pressure  spectra  at  ti  =  760,  resulting  from,  the  LES  at 

128  X  1024'-^  points  ( - )  and  from  random, izing  the  velocity  field  (- — ). 


order  hyperviscosity.  Fig.  2  shows  the  time  evolution  of  E{k,t)  and  Epp{k,t) 
for  a  typical  run  with  Sq  =  5.  One  can  see  the  backscatter  of  energy  with  a 
substantial  growth  of  the  infrared  scales.  The  IPS  is  initially  oc  k  and  exhibits 
a  short  transient  decay.  It  then  increases  in  time  over  the  whole  infrared  scales, 
departing  gradually  from  the  theoretical  fc-spectrum.  Let  us  now  approximate 
the  IKS  as  E{k,t)  oc  D^k^.  The  exponent  72  can  be  computed  by  fitting  the 
lowest  modes  of  E{k,  t)  to  C{t)k^  at  two  consecutive  instants.  Fig.  3(a)  shows 
that  72  increases  from  1.2  and  saturates  at  2.5.  In  1300  realizations  of  256^- 
hyperviscous  LES  with  sq  =  3,  72  displays  the  same  trend  but  the  sampling 
fluctuations  are  smaller.  Fig.  3(a)  indicates  that  in  an  infinite  domain,  the 
strong  energy  backscatter  of  high-Reynolds-number  2D  turbulence  prevents  the 
large  scales  from  saturation.  We  have  also  computed  the  IPS  temporal-growth 
exponent  ^2,  where  Epp{k,t)  oc  t^-k^  (Fig  3(a)).  But  the  data  are  meaningful 
solely  for  the  1300  x  256^  simulations  and  suggest  that  P2  saturate  at  1.2. 
Finally,  the  velocity  fields  of  the  128  x  1024‘'^  simulations  were  randomized  at 
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=z  760  (but  the  energy  and  zero-divergence  of  each  2D  mode  were  preserved). 
Fig.  3(b)  shows  that  the  resulting  Epp{k,  ty)  is  now  oc  k.  This  indicates  that  the 
departure  of  the  IPS  from  the  QN  prediction  results  from  strong  non-Gaussian 
effects  associated  to  coherent  vortices. 


3  Conclusions 

First,  it  was  recalled  that  within  the  QN  or  EDQNM  closures,  the  infrared 
pressure  spectrum  was  always  of  the  equipartition  type  (Eq.  1).  In  order  to 
achieve  long  dynamical  times  together  with  high-Reynolds-number  regimes,  this 
result  was  then  examined  by  means  of  LES.  In  3D,  the  LES  allowed  first  recovery 
of  the  A: ‘^-infrared-spectral  backscatter  predicted  by  QN  and  EDQNM  closures. 
Simultaneously,  we  had  an  infrared  Epp(k,t)  a  kd,  which  exhibited  a  strong- 
temporal  decay.  In  2D,  the  LES  displayed  the  energy  backscatter  and  showed 
that  the  infrared-temporal-growth  exponent  was  2.5.  As  for  the  infrared 
pressure  spectrum,  it  eventually  grew  in  time  as  while  becoming  steeper 
than  k.  This  was  certainly  due  to  the  strong  non-Gaussian  effects  associated  to 
the  presence  of  coherent  vortices  around  the  spectral  peak  of  energy. 
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1  Introduction  and  problem  formulation 

Mixing  layers  that  form  between  two  fluid  streams  moving  with  different  ve¬ 
locities  have  been  studied  both  in  experiments  and  simulations  for  about  sixty 
years.  For  sufficiently  high  Reynolds  numbers,  the  equations  governing  the  devel¬ 
opment  of  a  plane  mixing  layer  can  yield  “self-similar”  solutions.  Self-similarity 
is  characterized  by  linear  growth  of  the  layer  and  mean  velocities  and  turbulent 
statistics  independent  of  the  downstream  distance  when  normalized  by  appro¬ 
priate  length  and  velocity  scales.  While  in  the  past,  this  self-similar  state  was 
widely  believed  to  be  unique,  there  is  increasing  experimental  evidence  [1,  2,  3] 
that  mixing  layers  may  achieve  asymptotic  self-preserving  states  that  are  not 
independent  of  their  initial  conditions,  and  thus  are  not  unique.  Among  the  fac¬ 
tors  that  may  influence  the  self-similar  state  are  the  conditions  of  the  boundary 
layers  at  the  splitter  plate,  and  the  size  of  the  experimental  apparatus.  The 
exact  mechanisms  producing  such  differences  are  not  well  understood. 

Numerical  simulations,  which  can  be  conducted  in  an  accurately  controlled 
environment,  are  a  valuable  tool  in  addressing  some  the  issues  raised  above  by 
isolating  each  influence  parameter,  such  as  initial  conditions  and  domain  size. 
The  present  study  focuses  on  the  differences  in  the  self-similar  states  caused  by 
different  initial  conditions  and  computational  domain  size.  In  addition  to  an 
examination  of  the  statistics  of  the  flow  field,  the  role  of  the  coherent  structures 
in  the  establishment  of  the  self-similar  states  is  also  investigated. 

Most  numerical  simulations  of  mixing  layers  to  date  have  been  temporal 
calculations  in  which  the  development  of  the  layer  is  followed  in  time.  The 
initial  conditions  are  most  commonly  obtained  from  a  given  velocity  profile,  to 
which  some  disturbance  is  added.  Rogers  &  Moser  [4]  (RM  in  the  following) 
performed  a  temporal  simulation  starting  from  two  different  realizations  of  a 
turbulent  boundary  layer  with  their  free-streams  moving  in  opposite  directions, 
to  mimic  experiments  with  incoming  turbulent  boundary  layers.  The  present 
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Figure  2:  Velocity  variances.  Each 
Figure  1:  Time  evolution  of  O/Oo.  set  of  curves  is  shifted  downwards  by 

0.02  units  for  clarity. 

study  extends  the  RM  calculations  by  examining  the  effect  of  domain  size  and 
initial  conditions. 

First,  a  case  that  matched  the  RM  DNS  was  computed.  Then,  the  initial 
condition  was  modified  by  imposing  a  field  with  the  same  mean  flow  of  the  previ¬ 
ous  case,  and  random  perturbations  with  prescribed  moments.  Two  additional 
calculations  were  performed  with  computational  domains  that  were  twice  the 
size  of  the  RM  domain,  both  in  the  streamwise  and  spanwise  directions.  Since  a 
parametric  study  of  this  sort  using  direct  simulations  would  be  prohibitively  ex¬ 
pensive,  given  the  size  of  the  computational  domain,  we  have  chosen  to  perform 
large-eddy  simulations  (LES). 

The  filtered  Navier-Stokes  and  continuity  equations,  were  integrated  in  time 
using  an  Adams-Bashforth  fractional-step  method.  All  spatial  derivatives  were 
approximated  by  second-order  central  differences  on  a  staggered  grid.  The  La- 
grangian  dynamic  eddy-viscosity  model  [5]  was  used  to  parameterize  the  subgrid 
scale  stress  term  Tij . 


2  Results 

In  all  cases,  an  initial  transient  was  followed  by  a  self-similar  period.  In  Fig.  1  the 
evolution  of  the  mixing-layer  momentum  thickness  O/Oo  (normalized  by  its  initial 
value  Bo)  as  a  function  of  non-dimensional  time  r  =  tAU/6o  is  shown.  After  an 
initial  transient,  9/6o  grows  linearly  with  time  in  all  cases.  When  the  domain  is 
doubled  in  the  streamwise  and  spanwise  directions  the  initial  adjustment  stage 
is  approximately  the  same  as  for  the  smaller  domain  until  r  ~  90;  after  this  time 
the  layer  grows  at  a  faster  rate.  The  same  trend  can  be  seen  for  the  calculations 
that  start  from  random  noise,  for  which,  however,  self-preservation  is  established 
at  a  later  time. 

While  the  mean  velocity  was  not  affected  by  the  initial  conditions  or  the 
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Figure  3:  Iso-surfaces  of  P  and  Q  during  the  self-similar  period  {9/0o  =  2.6). 


domain  size,  some  of  the  higher  moments  were.  The  large-domain  calculations 
have  higher  fluctuation  levels  than  the  small-box  ones  (Fig.  2).  In  particular, 
there  is  approximately  an  83%  increase  in  the  peak  spanwise  velocity  variance 
for  the  large-domain,  boundary-layer  turbulence  case  compared  to  the  small- 
domain,  random  noise  one.  These  differences  are  an  important  indicator  of  more 
highly  three-dimensional  flow  patterns  in  the  cases  initialized  with  boundary- 
layer  turbulence  and  in  the  large-domain  calculations. 

Several  methods  can  be  used  in  numerical  simulations  to  visualize  the  co¬ 
herent  eddies  in  a  turbulent  flow.  In  this  work  we  have  used  the  pressure  to 
identify  the  regions  of  strong  rotation  in  vortex  cores,  and  the  second  invariant 
of  the  velocity-gradient  tensor,  Q  =  fo  highlight  the  rib  vortices. 

In  Fig.  2,  iso-surfaces  of  P  and  Q  during  the  self-similar  period  at  0/9o  =  2.6, 
for  (a)  the  large  domain  initialized  with  boundary  layer  turbulence,  and  (b)  the 
small  domain  initialized  with  random  noise.  The  small-domain,  random-noise 
calculation  shows  a  fairly  well-organized  structure,  even  at  this  late  stage  of  the 
evolution:  a  regular  array  of  quasi-2D  rollers  can  be  observed,  with  strong  rib 
vortices  in  the  braid  region.  The  large-domain,  boundary-layer  turbulence  sim¬ 
ulation,  on  the  other  hand,  displays  a  much  more  chaotic  structure:  the  rollers 
are  significantly  twisted,  and  the  braid  regions  are  essentially  devoid  of  rib  vor¬ 
tices;  only  very  weak  remnants  of  the  coherent  vorticity  present  in  the  ribs  can 
be  observed.  The  topological  features  of  the  flow  support  the  conjecture  that 
the  more  highly  three-dimensional  structure  of  the  large-scale  eddies  in  the  later 
case  is  responsible  for  the  difference  in  the  similarity  states,  highlighted  by  the 
higher  spanwise- velocity  variances. 
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3  Conclusions 

Largo-eddy  simulations  of  temporally  evolving,  turbulent  mixing  layers  have 
been  performed  to  study  the  effect  of  initial  conditions  and  domain  size  on  the 
evolution  of  the  layer,  and  in  particular  on  the  self-similar  states  that  resulted. 
The  use  a  smaller  domain  forces  the  spanwise  rollers  to  be  two-dimensional 
during  the  late  stages  of  the  evolution;  this  results  in  a  regular,  well-ordered 
flow  structure.  The  initial  conditions  also  have  a  strong  effect,  particularly  on 
the  initial  stages  of  the  evolution.  The  use  of  random  noise  lets  the  Kelvin- 
Helmlioltz  instability  emerge,  leading  to  the  early  formation  of  a  regular  array 
of  spanwise  rollers.  When  boundary-layer  turbulence  is  used  to  initiate  the 
layer,  on  the  other  hand,  the  growth  of  the  inviscid  instability  is  inhibited  by 
the  presence  of  lower- wavenumber  modes  with  significant  energy  content.  The 
result  is  a  delayed  formation  of  the  regular  array  and  an  initial  structure  that 
is  more  three-dimensional  and  with  longer  wavelength.  The  differences  due  to 
the  initial  conditions  persist  throughout  the  self-similar  period,  and  are  reflected 
in  the  statistics  of  the  turbulent  quantities,  most  notably  the  spanwise  velocity 
fluctuation  variances . 

The  main  conclusion  of  this  work  is  a  confirmation  of  the  experimental  and 
theoretical  findings  that,  although  mixing  layers  evolve  into  self-similar  states, 
these  states  are  not  unique,  and  may  be  affected  by  many  factors.  Among  them, 
the  initial  conditions  and  the  size  of  the  domain  have  quite  significant  effects. 
They  influence  the  shape  of  the  coherent  eddies  of  the  flow  and  its  statistics.  The 
differences  persist  throughout  the  layer  development,  well  into  the  self-similar 
period. 

Financial  support  for  this  work  was  provided  by  the  National  Science  Foundation 
under  Grant  CTS-961862. 
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1  Introduction 

Statistical  averaging  can  form  an  alternative  basis  for  the  decomposition  of  the 
velocity  field  to  model  the  turbulent  stress  tensor  in  large-eddy  simulation  (LES). 
One  distinguishes  ‘rapid’  contributions,  predominantly  from  large  scale  flow- 
structures,  next  to  ‘slow’  components  arising  from  comparably  small  scales  [1]. 
This  decomposition  is  studied  using  direct  numerical  simulation  (DNS)  data  of  a 
mixing  layer.  We  also  consider  the  spatial  filtering  approach  to  LES  [2]  and  focus 
on  mixed  ‘subgrid’  models  [3],  which  identify  a  similarity  model  for  the  rapid 
and  an  eddy-viscosity  model  for  the  slow  parts.  Improvements  in  the  similarity 
modeling  due  to  inverse  modeling  [4]  are  illustrated. 

Simulation  of  complex  flows  requires  the  Navier-Stokes  equations  to  be  mod¬ 
eled  to  reduce  the  number  of  degrees  of  freedom.  In  LES  this  traditionally 
involves  a  spatial  filter  and  leads  to  the  so-called  turbulent  stress  tensor  Tij  = 
uiuj  —ITiUj.  The  over-bar  denotes  the  filtering  which  introduces  the  decomposi¬ 
tion  Ui  =  Ui  +  u\  of  the  velocity  field.  For  turbulent  flows  that  develop  around  a 
statistically  stationairy  state  one  can  use  a  statistical  filter  as  point  of  reference 
and  introduce  a  corresponding  decomposition  Ui  =  {ui)  -f  u'/. 

We  consider  the  contributions  to  Tij  in  the  statistical  averaging  context  (the 
‘(u)  -formulation’)  and  compare  this  to  the  spatial  filtering  context  (the  ‘(u)  - 
formulation’).  The  ‘rapid’  part  involves  the  mean  velocity  gradient  which  is 
directly  influenced  by  effects  of  anisotropy  and  inhomogeneity.  Eddy-viscosity 
modeling  may  not  apply  and  a  similarity  model  is  more  appropriate.  We  also 
identify  a  ‘slow’  part  which  only  involves  the  fluctuations.  Differences  between 
the  {u)  and  the  {u)  formulations  show  up  in  the  rapid/slow  decomposition. 
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In  section  2  wc  introduce  the  mixing  layer  and  consider  correlations  of  the 
rapid  and  slow  parts  with  similarity  and  eddy- viscosity  models.  The  spatial 
structure  of  the  turbulent  stress  is  considered  in  section  3  and  approximate 
inversion  is  illustrated.  Some  concluding  remarks  are  collected  in  section  4. 

2  Rapid  and  slow  correlations  in  a  mixing  layer 

We  use  DNS  data  of  a  spatially  developing  mixing  layer  at  Re  =  200  and  M  = 
0.8.  The  Reynolds  number  is  based  on  the  upper  free-stream  velocity,  density 
and  viscosity  and  half  the  vorticity  thickness  at  the  inflow  while  the  Mach  number 
is  given  by  the  speed  of  sound  and  upper  free-stream  velocity.  For  the  numerical 
method  and  treatment  of  the  boundaries  we  refer  to  [6].  The  DNS  was  performed 
at  a  resolution  of  900  x  192  x  64  grid  points  in  the  streamwise-,  normal  and 
(periodic)  spanwise  direction  respectively  in  a  box  of  size  Li  x  Lo  x  L3.  A 
snapshot  of  the  spanwise  vorticity  in  the  long-time  regime  is  shown  in  figure  1. 
For  the  analysis  we  coarsened  to  an  ‘LES’-grid  of  225  x  48  x  16  points. 


Figure  1:  Contours  of  spanwise  vorticity  in  the  fully  developed  long-time  regime. 

The  spatial  (n)  and  statistical  averaging  ((u.))  settings  differ  in  the  basic  filter 
operation  that  is  used.  For  the  (u)  setting,  we  use  a  combined  spanwise  and  long¬ 
time  average.  The  spatial  filtering  uses  the  symmetric  top-hat  filter  with  filter- 
width  A.  Either  filtering  operation  is  denoted  by  L  in  the  sequel.  The  turbulent 
stress  tensor  can  be  written  as  commutator  of  L  and  the  product  S{f^g)  =  fg, 
i.c.  Tij  =  [L,5](u/,Uj)  with  commutator  [L,S]{f,g)  =  L(S{f ,  g))-SiL{f),  L(g)) 
[4,  5].  We  can  write  t-ij  =  t[j  -k  rf-  with  ‘rapid’  and  ‘slow’  parts  given  by 

=  [L,5](z,(«i),LK))  +[L.5](lK),»«')  +[L,5)(«',iM) 

Tfj  =  (1) 

The  ‘slow’  part  contains  contributions  due  to  fluctuations  only  and  the  ‘rapid’ 
part  contains  the  similarity  model,  and  terms  linear  in  the  fluctuations. 

Features  of  r'' ,  depend  on  the  velocity  decomposition  which  may  be  rele¬ 
vant  in  subgrid-modeling.  Bardina’s  similarity  model  Bij  =  [L,  S]{L{ui),  L{uj)) 
and  Smagorinsky’s  model  Mij  =  -2ntWij,  where  nt  is  the  eddy  viscosity  and 
Wij  =  diUj  djUi,  are  frequently  used.  To  quantify  whether  Bij  or  Mij  would 
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Figure  2:  Correlation  C  of  r  (solid),  (dashed)  and  (dash-dotted)  with  Wij 
(low  values)  and  Bij  (high  values)  in  the  (u)  (left)  and  (u)  (right)  context. 


be  appropriate  we  consider  the  correlation  in  figure  2.  We  observe  no  correla¬ 
tion  with  Wij  in  either  (u)  or  {u)  setting  and  with  either  r,  or  r®.  A  strong 
correlation  between  Bij  and  r,  in  the  {u)  context,  and  lower  but  still  signif¬ 
icant  correlation  in  the  {u)  context  is  apparent.  Finally,  a  strongly  fluctuating 
correlation  in  the  range  0.3-0. 7  for  r®  and  Bij  is  seen. 


3  Spatial  structure  of  turbulent  stress 


/L2 


Figure  3:  Snapshot  of  contours  of  rn  at  A  =  2h  on  the  coarsened  grid  at  =  0. 

In  figure  3  we  show  the  instantaneuous  ri2  corresponding  to  figure  1.  We 
observe  a  clustered  structure  corresponding  to  the  vortices.  The  structure  of  r 
will  be  compared  to  model-predictions.  We  also  include  the  generalized  similarity 
model  Gij  =  [L,  5](fij,  fij)  using  approximate  inversion  [4,  5].  The  reconstruction 
Ui  considered  here  is  only  second  order  accurate  and  uses  Simpson  quadrature. 

In  figure  4  we  compare  ti2  with  the  similarity  models.  Each  model  follows 
the  detailed  structure  of  the  stress  tensor.  Fluctuations  in  r  are  underestimated 
by  Bij  whereas  Gij  provides  too  large  fluctuations.  An  accurate,  though  ad  hoc, 
model  arises  from  averaging  these  two.  The  rapid  and  slow  decomposition  is 
shown  in  figure  4.  We  observe  that  r  «  in  the  (u)  context.  In  the  (u)  context 
we  notice  large  excursions  of  r'’,  r®  which  are  more  complex  to  model. 
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Figure  4:  Left:  ri2  (solid),  B12  (dashed),  G12  (dash-dotted)  and  {Bu  +G'i2)/2 
(solid;  ‘0’).  Right:  T12  (solid)  and  in  (w)  context:  rf2  (dashed),  Ty2  (dash-dotted) 
and  in  (u)  context:  t[2  (dashed;  ‘0’),  Tf2  (dash-dotted;  ‘0’).  Both  Xi/Li  ^  1/2. 


4  Concluding  remarks 

We  compared  a  spatial  and  a  statistical  averaging  decomposition  of  the  turbulent 
velocity  field  and  identified  a  ‘rapid’  and  a  ‘slow’  part  of  the  turbulent  stress  ten¬ 
sor.  The  correlation  with  similarity  and  eddy- viscosity  models  and  the  structure 
of  the  turbulent  stress  tensor  show  large  differences  in  the  two  decompositions. 
Generalized  similarity  models  appear  to  be  favored  in  the  (n)  context.  In  the 
(u)  context  a.  combination  with  Reynolds  averaged  modeling  is  possible  which 
avoids  the  ‘zonal’  approach  and  uses  the  RaNS  prediction  in  the  decomposition 
of  the  velocity  field  which  appears  particularly  useful  near  walls.  Connections 
with  VLES  and  the  statistical  averaging  setting  will  be  explored  in  the  future. 
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1  Introduction 

This  study  deals  with  the  simulation  of  high  speed  compressible  flows,  by  means 
of  large  eddy  simulation.  The  generic  flow  considered  here  is  the  turbulent 
plane  3D  mixing  layer  spatially  developing  downstream  of  a  flat  plate,  for  which 
detailed  experimental  data  are  available  at  various  convective  Mach  numbers. 
This  type  of  flow  contains  no  wall  problem  and  has  one  inhomogeneous  direction. 
This  is  why  it  has  been  chosen  for  the  validation  of  large  eddy  simulation  for 
compressible  flows.  The  originality  of  this  study  stands  in  the  fact  that  the 
spatial  development  of  the  flow  starts  at  the  trailing  edge  of  the  flat  plate, 
including  both  the  transitional  wake  and  the  set  up  of  the  mixing  layer. 


2  Subgrid  modeling 

The  governing  equations  solved  in  this  study  are  the  full  compressible  Navier- 
Stokes  eciuations  representing  the  conservation  of  mass,  momentum  and  total 
energy  by  unit  of  mass,  written  in  a  conservative  form.  These  equations  are 
filtered  with  a  spatial  filter  combined  with  the  Favre  decomposition.  Ui  is  the 
resolved  part  of  the  density- weighted  velocity,  and  u'-'  its  subgrid  part. 

In  this  study,  the  main  subgrid  term  modeled  is  the  subgrid  stress  tensor 
Tij  =  p{uiUj  —  UiUj).  The  modeling  of  this  term  is  based  on  the  concept  of 
subgrid  viscosity  pss-  The  model  used  is  the  Mixed  Scale  model  adapted  to 
compressible  flows  [1].  The  eddy  viscosity  is  defined  as  follows  :  figg  =  s/Pu  Pk 
where  =  pC'tjA^|d;|  (vorticity  model)  and  pk  =  pCkA\/k  (Turbulent  Kinetic 
Energy  model),  with  =  0.01  and  Ck  =  0.126.  A  represents  the  cut  off  length 
scale  of  the  spatial  filter,  uj  is  the  resolved  part  of  the  vorticity.  k  is  the  subgrid 
kinetic  energy,  obtained  with  the  scale  similarity  assumption,  by  means  of  a 
double-filtering  technique. 
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3  Numerical  approach  and  configuration  studied 

The  three-dimensional  domain  starts  at  the  trailing  edge  of  the  flat  plate.  The 
resolution  of  the  governing  equations  has  been  performed  through  the  use  of  a 
finite  volume  method.  The  numerical  scheme  is  a  spatially  second-order  upwind 
shock-capturing  TVD  scheme.  The  time  integration  is  based  on  a  third  order 
Runge-Kutta  method. 

At  the  inlet,  the  boundary  conditions  are  computed  following  the  characteris¬ 
tics  method  [2].  The  longitudinal  velocity  is  prescribed  to  a  mean  boundary  layer 
profile.  The  vertical  and  spanwise  velocities  are  set  to  zero.  Two  white  noises  of 
amplitudes  l%Ui  and  0.1%Ui  respectively  are  used  to  perturb  the  longitudinal 
and  spanwise  velocities.  At  the  upper  and  lower  part  of  the  domain,  and  at 
the  outlet,  non-reflecting  conditions  are  applied.  In  the  spanwise  direction,  a 
periodic  condition  is  used. 

The  Reynolds  number  of  the  simulation,  based  on  the  high  velocity  and  on 
the  thickness  of  the  high  speed  inlet  boundary  layer  {St  =  10mm)  is  Re  =  60000. 
The  convective  Mach  number  is  Me  =  0.64.  The  velocity  ratio  r  =  U2/U1  is  0.27, 
the  density  ratio  s  =  pi/ pi  is  0.57. 


4  Results  of  3D  simulations 

The  longitudinal  evolution  of  the  vorticity  thickness  /{dul dy)max-, 

with  At/  =  Ui  —  U2,  is  compared  to  experimental  data  of  De  Bisschop  [3]  and 
of  Samimy  et.  al  [4]  in  the  figure  1  (left).  In  the  simulation  curve,  two  parts 
can  be  distinguished:  the  first  one  represents  the  wake  of  the  flat  plate.  Then, 
a  transition  occurs  and  the  evolution  becomes  linear.  It  represents  the  mixing 
layer  itself,  which  has  reached  a  self-similarity  behavior.  If  we  plot  a  matching 
line  of  this  part  of  the  curve,  its  intersection  with  the  .T-axis  gives  AT  the  virtual 
origin  of  the  mixing  layer.  The  slope  of  this  part  of  the  curve  matches  very 
well  the  one  of  the  experiments.  However,  the  values  of  Xq  for  simulation  and 
experiment  are  not  equal:  the  transition  between  the  wake  and  the  mixing  layer 
occurs  at  Aq  =  0.055777,  for  [4],  at  AT  =  0.023777,  for  [3],  and  at  Xq  =  0.270m 
for  the  simulation.  This  might  be  due  to  the  influence  of  the  inlet  boundary 
conditions.  In  fact,  the  white  noise  perturbations,  of  course,  do  not  mimic  the 
turbulent  behavior  in  a  boundary  layer. 

Once  the  flow  has  reached  a  self-similarity  state,  all  the  dimensionless  profiles 
should  collapse.  In  the  figure  1  (right)  six  non-dimensional  longitudinal  velocity 
U*  =  (m  -  U2)/^U  profiles  are  plotted  (at  six  different  locations  in  the  self¬ 
similarity  region)  as  a  function  of  the  non-dimensional  vertical  coordinate  y*  = 

_  yo)/(5^.  Tyo  is  y  where  u  ^  {Ui  +  C/2)/2.  The  six  profiles  gather  very  well 
together,  moreover  they  fit  the  experimental  profiles  satisfactorily. 

Six  profiles  of  longitudinal  and  vertical  non-dimensional  turbulence  intensi¬ 
ties  [(Tu  =  (7//^)^/^)  are  plotted  in  the  figure  2  at  the  same  locations.  In  both 
cases  the  similarity  behavior  is  obtained,  and  the  shape  of  the  curves  matches 
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Figure  1:  Longitudinal  evolution  of  the  vorticity  thickness  (left);  longitudinal 
velocity  profiles  versus  dimensionless  vertical  coordinate  (right). 


Figure  2:  Turbulence  intensity  of  longitudinal  velocity  (left)  and  of  vertical 
velocity  (right)  versus  dimensionless  vertical  coordinate.  For  the  legend  see 
figure  1  (right). 


Figure  3:  Skewness  of  longitudinal  velocity  (left)  and  of  vertical  velocity  (right) 
versus  dimensionless  vertical  coordinate.  For  the  legend  see  figure  1  (right). 
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the  experimental  one.  However,  the  intensity  is  overestimated  by  about  30% 
for  (Tu  and  more  than  50%  for  Pellerin  et.  al  [5],  in  a  study  concerning  an 
incompressible  mixing  layer,  have  shown  that  the  amplitude  of  the  inlet  white 
noises  has  a  significant  influence  on  the  turbulent  intensities  in  the  mixing  layer. 
Therefore  we  are  currently  trying  to  improve  our  results  by  changing  the  ampli¬ 
tude  of  the  inlet  white  noises. 

In  the  figure  3,  six  profiles  of  the  skewness  of  u  {Su  =  {u'^) / and  of  v 
are  plotted,  as  well  as  the  experimental  data.  The  qualitative  and  quantitative 
agreement  is  better  than  for  turbulence  intensity,  which  proves  that  the  turbu¬ 
lence  organization  is  correctly  recovered  even  if  the  intensities  are  overpredicted. 


5  Conclusion 

The  longitudinal  evolution  of  the  vorticity  thickness  as  well  as  the  non-dimensio¬ 
nal  longitudinal  velocity  profiles  fit  well  the  experimental  data.  The  turbulence 
intensities  are  overpredicted.  The  turbulence  organization  seems  however  to  be 
well  estimated.  We  are  currently  studying  the  influence  of  the  inlet  perturbations 
on  th(^  turbulent  intensities  in  the  mixing  layer.  Moreover,  in  order  to  study  the 
effects  of  compressibility  on  the  mixing  layer  development,  a  simulation  at  a 
higluu-  conv(x:tive  Mach  number  will  be  undertaken  in  the  future. 
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Standard  eddy  viscosity  based  Large  Eddy  Simulation  (LES)  approaches  fail 
in  reliably  predicting  turbulent  wall  bounded  flows.  Some  recent  studies  have 
focused  on  scale  similarity  approaches  which  are  able  to  model  backward  transfer 
of  energy  from  small  to  large  scales  taking  place  e.g.  in  the  buffer  zone  of  a 
turbulent  boundary  layer.  All  of  them  ended  up  with  a  2-part  model  blending 
both  Smagorinsky  and  scale  similarity  concepts,  so  called  mixed  models  [1,  5,  7]. 
We  demonstrate  that  the  Increment  model  [2]  based  on  a  new  scale  similarity 
approach  is  able  to  provide  the  proper  spectral  energy  distribution  within  the 
near  wall  layer  of  a  fully  developed  pipe  flow  without  using  any  purely  dissipative 
term. 


1  The  Increment  SGS  Model 

By  applying  a  low-pass  filter  to  the  velocity  field  of  a  turbulent  flow,  one  obtains 
the  resolved  field  u,-  =  7Z7  that  one  attempts  to  compute  in  LES.  The  SGS 
stress  tensor  which  has  to  be  modeled  in  the  filtered  Navier- Stokes  equations 
reads:  =  UjUj  —  Wi  uj.  One  can  associate  to  each  filtered  quantity  a  3D 

Taylor  expansion  with  respect  to  the  original  unfiltered  quantity  [2].  When  such 
an  expansion  is  introduced  into  the  SGS  stress  tensor  [2,  7],  and  when  a  non- 
separable  and  non-symmetric  filter  is  considered  [1,  2],  a  2'^^^  order  discretisation 
in  space  applied  to  the  3D  truncated  Taylor  expansion  yields:  c  Sui  Suj, 

where  c  is  related  to  the  shape  of  the  filter,  and  Sui  is  the  velocity  increment 
determined  at  the  filter  size  Axi,.  in  the  k  direction.  This  expression  was  the 
guideline  for  the  Increment  model  proposed  by  Brun  &  Friedrich  [2],  which  is 
based  on  the  resolved  velocity  increment  tensor  Qij  =  SiTi  Su]  as  follows: 


Dj  ^  f  Qij  =  /  Svi  6vj 

=  ELi  -  Vi(Xk  -  A.ta:/2)] 


(1) 
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Due  to  the  strong  correlation  between  the  generalised  Leonard  stress  tensor  [2] 
and  the  SGS  stress  tensor  a  specific  dynamical  approach  has  been  applied 
to  determine  the  coefficient  /  locally.  The  test  filter  ( )  required  has  twice  the 
size  of  the  implicit  filter  ( )  of  the  computation: 


1  Vk  vr  -  vi,:  'ul- 
'  4  Svi  6vi 


(2) 


2  Fully  developed  turbulent  pipe  flow 

Three  large-eddy  simulations  have  been  performed  with  a  code  based  on  stag¬ 
gered  grids  and  second  order  central  schemes  to  integrate  the  filtered  incompress¬ 
ible  Navier-Stokes  equations  in  cylindrical  coordinates  [3].  The  computational 
domain  is  a  pipe  section  of  length  R,  =  10 R,  R.  being  the  radius  of  the  pipe. 
The  mesh  is  equidistant  in  each  homogeneous  direction  and  stretched  in  the  wall- 
normal  direction  with  the  center  of  the  wall-nearest  cell  being  around  =  1 
(table  1).  At  the  wall,  impermeability  and  no-slip  boundary  conditions  are  re¬ 
alized.  In  the  circumferential  and  axial  directions  periodic  boundary  conditions 
are  used. 


rh; 

71,. 

A.7;+ 

RA(f^ 

Az^ 

RCr 

Rcb 

experiment  [6] 

- 

- 

- 

- 

- 

- 

169 

4922 

DNS  [3] 

256 

128 

96 

7.0 

8.8 

1.88 

180 

5000 

LESl 

32 

64 

96 

56.3 

18.0 

1.88 

180 

4860 

experiment  [6] 

- 

- 

- 

- 

- 

- 

315 

9972 

LES2 

54 

72 

48 

62.6 

33.0 

1.70 

338 

10380 

experiment  [6] 

- 

- 

- 

- 

- 

520 

17773 

LES3 

64 

160 

48 

81.3 

20.0 

2.00 

520 

16860 

Tablel:  Flow  and  computational  parameters  of  the  3  LES 
in  comparison  with  DNS  and  experimental  data. 


Figure  1:  Velocity  energy  spectra  in  axial  (left)  and  circumferential  (right)  di¬ 
rection  (arbitrary  vertical  scale):  -f  DNS  [3], - LES, - No  Model 
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Figure  1  compares  ID  spectra  of  turbulent  kinetic  energy  at  different  Reynolds 
numbers.  The  effect  of  the  model  is  to  predict  the  right  shape  of  the  spectrum. 
Another  information  to  be  drawn  from  figure  1  is  that  the  cutoff  wavenumber  in 
circumferential  direction  is  too  close  to  the  energy  containing  scales.  The  mean 
axial  velocity  and  the  RMS  velocity  fluctuations  in  figure  2  reflect  an  accept¬ 
able  behaviour.  They  are  characterized  by  an  overprediction  of  the  axial  RMS 
velocity  fluctuations  and  an  underprediction  of  the  remaining  two  components. 
This  is  typical  for  most  of  the  LES  predictions.  What  is  new  here  is  the  fact 
that  these  results  have  been  obtained  with  a  model  that  contains  no  explicit 
dissipative  term. 


Figure  2:  Profiles  of  the  mean  velocity  (left)  and  RMS  velocity  fluctuations 
(right)  for  pipe  flow  at  Rcr  =  180  (top),  Rcr  =  338  (center)  and  Rer  =  520 

(bottom):  -  LES  (Increment  model), - No  Model,  +  DNS  [3],  x 

experiment  [6]  . 
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3  Conclusions 

We  have  shown  that  the  scale  similarity  concept  in  modelling  the  SGS  stress 
tensor  without  supplementing  a  Smagorinsky  term  allows  for  stable  solutions. 
The  use  of  a  model  coefficient  which  is  determined  locally  in  space  and  time  with 
a  proper  dynamical  procedure  is  a  condition  sine  qua  non  of  the  success  of  such 
a  model.  The  results  presented  here  are  promising  concerning  statistics  as  well 
as  the  energy  distribution  of  the  velocity  field  in  spectral  space.  Further  efforts 
are  curently  undertaken  to  decouple  the  effect  of  the  model  from  the  numerical 
errors  [4]. 

This  work  was  supported  by  the  EC  TMR  project  ‘LES  of  complex  industrial 
flows’.  The  authors  want  to  thank  Jaap  M.J.  den  Toonder  for  providing  the 
experimental  data  of  the  pipe  flow. 
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1  Introduction 

The  behavior  of  droplets  in  homogeneous  and  isotropic  turbulence  has  been  ex¬ 
perimentally  investigated  in  the  case  of  particles  smaller  than  the  Kolmogorov 
scale.  It  is  known  that  the  average  settling  velocity  F~  of  droplets  can  be  signif¬ 
icantly  larger  than  their  terminal  velocity  Vg  in  still  air.  The  difference  TA  —  Vg 
depends  both  on  the  droplet  inertia  and  on  its  terminal  velocity.  The  dimen¬ 
sionless  parameters  commonly  used  to  characterize  this  effect  are  the  Stokes 
number,  St,  defined  as  the  ratio  of  the  particle  response  time  Tp  to  the  Kol¬ 
mogorov  time  scale  n ,  and  the  ratio  of  the  droplet  terminal  velocity  Vg  to  the 
Kolmogorov  velocity  Uk-  Recent  DNS  results  have  shown  that  when  St  =  1,  a, 
maximum  increase  in  the  settling  velocity  is  obtained  for  Vg/iik  between  1.5  to 
2.5  [1].  Meanwhile,  for  K/wa:  =  1  the  maximum  increase  in  settling  velocity 
was  observed  for  St  =  1.  Although  these  results  are  robust,  they  are  somewhat 
sensitive  to  the  value  of  the  turbulent  Reynolds  number  leading  to  a  debate  on 
the  correctness  of  a  Kolmogorov  scaling  [2].  They  notably  hold  for  a  Stokes 
drag  as  well  as  for  a  drag  corrected  for  weak  inertial  effects.  In  parallel,  the  for¬ 
mation  of  droplet  clusters  has  also  been  observed  for  this  type  of  flow.  In  these 
clusters,  the  local  concentration  may  reach  20  to  50  times  the  mean  value,  local 
meaning  here  at  a  scale  where  r]  is  the  Kolmogorov  length  scale.  So  far, 

little  attention  has  been  paid  to  the  relationship  between  the  average  settling 
velocity  and  the  mean  concentration  and  between  the  settling  velocity  and  the 
presence  of  droplet  clusters. 


2  Experimental  setup  and  main  results 

In  order  to  investigate  the  effect  of  the  clustering  on  the  settling  velocity,  we 
conducted  experiments  in  a  horizontal  wind  tunnel  2.5  m  long  and  200  mm 
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wide,  where  the  droplet  laden  flow  was  created  through  an  array  of  150  air- 
blast  atomizers.  Precise  measurements  were  carried  out  for  a  mass  loading  ratio 
ranging  from  0.5%  to  10%.  In  absence  of  water  injection,  the  base  flow  param- 
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Figure  1:  a)  Measured  and  Poisson  particle  concentration  distribution,  b)  Evolu¬ 
tion  of  D,  Deviation  of  the  particle  concentration  distribution  from  randomness, 
with  the  cell  size  for  different  mass  loading.  D  =  (a  -  apoisson)/^,  where  a 
and  (Jiambda  represent  the  standard  deviation  for  the  measured  local  particle 
concentration  distribution  and  the  Poisson  distribution,  and  A  is  the  mean  con¬ 
centration  in  each  box.  (10  pixels  correspond  to  one  Kolmogorov  length) 


eters  are  u  =  11.2m/s,  Urms  =  0.2m/s.  At  a  distance  of  1.5  m  downstream 
the  droplet  injection,  the  dissipation  rate  e  is  1.41m‘Vs^  the  Kolmogorov  scale 
is  77  =  0.227U77?-,  and  the  integral  length  scale  is  about  7  cm.  The  resulting 
droplet  size  has  a  Sauter  Mean  Diameter  SMD  =  27^777.  and  an  arithmetic 
mean  Dio  =  10/7m.  The  occurence  of  clustering  has  been  analyzed  using  image 
processing  techniques  of  planar  cuts  of  the  flow  (high  resolution  digital  cameia 
and  short  exposure  time).  Surface  concentration  maps  were  extracted  from  the 
row  images  by  counting  droplets  over  square  cells,  ranging  in  size  from  77  to  I577. 
The  probability  density  function  of  these  surface  concentration  was  determined 


Figure  2:  a)  Number  of  cells  needed  to  cover  an  iso-concentration  surface,  b) 
Evolution  of  the  fractal  dimension  of  cluster  according  to  the  concentration 
threshold. 

for  various  mass  loading  ratio.  These  pdf  were  compared  with  the  pdf  of  the 
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random  distribution  (fig.  l.a).  Using  the  parameter  defined  by  Fessler  et  al.  [3], 
the  deviation  of  the  measured  pdf  from  randomness  were  found  to  increase  with 
the  mass  loading  and  the  cell  size  (fig.  l.b),  first  indicating  the  role  of  the  mean 
concentration  in  the  formation  of  particle  clusters  and  second  that  the  spatial 
inhomogeneity  is  visible  from  a  few  Kolmogorov  lengths  up  to  scales  one  order 
of  magnitude  larger.  Clusters  of  droplets  were  then  identified  by  thresholding 
the  concentration  image.  Similary  to  what  was  found  in  the  experiments  in  ho¬ 
mogeneous  jets  [4],  the  geometrical  nature  of  iso-concentration  islands  evolves 
with  the  concentration  threshold.  Low  concentration  objects  were  found  to  be 
close  to  2-D  surfaces  while  high  concentration  objects  consist  of  a  multitude  of 
small  regions  the  dimension  of  which  approaches  the  embedding  dimension  i.e. 
3.  In  between,  the  fractal  dimension  evolves  continuously  with  the  concentration 
as  shown  fig.  2.b.  An  analog  behavior  has  been  recently  observed  in  simulation 
[5].  The  droplet  settling  velocity  was  measured  using  a  PDPA.  A  typical  result 


Figure  3:  Increase  of  settling  velocity  a)  according  to  the  particule  size,  b)  with 
the  mean  liquid  volume  fraction  in  the  channel. 

for  different  mass  loading  is  shown  fig.  3. a  and  3.b.  Clearly,  14  ~  14  shows  a 
non-monotonic  increase  with  the  Stokes  number  which  agrees  qualitatively  with 
the  numerical  simulations.  Notably,  the  settling  velocity  of  very  small  particles, 
which  follow  passively  the  turbulent  eddies,  is  unchanged.  The  velocity  differ¬ 
ence  reaches  a  maximum  for  a  drop  diameter  about  25pm.  In  the  experiments, 
St  and  Vs/uf.  are  not  independent,  since  they  take  fixed  values  once  the  droplet 
diameter  is  fixed.  This  provides  an  explanation  why  the  maximum  in  fig.  3. a  is 
located  between  St  =  1  and  14/14  =  L  The  second  result  shown  here  is  that,  for 
mass  fractions  less  than  5%,  for  which  the  underlying  turbulence  is  weakly  mod¬ 
ified  by  the  dispersed  phase,  the  mean  settling  velocity  increases  monotonically 
with  the  mean  liquid  loading  (fig  3.b).  Using  PDPA  measurement  conditioned 
by  the  local  concentration  we  were  able  to  measure  the  size  and  the  settling  ve¬ 
locity  of  the  droplets  inside  and  outside  the  clusters.  In  the  figure  4. a  we  plotted, 
for  a  given  mean  mass  loading,  the  difference  between  the  particle  size  pdf  for  a 
given  local  concentration  and  the  initial  size  pdf.  It  shows  clearly  that  regions 
of  high  concentration  contain  more  particles  of  Stokes  number  around  one.  In 
parallel,  the  size-pdf  presents  an  increase  up  to  15%  compared  to  the  initial  pdf 
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at  each  extrem  of  the  plot.  Furthermore,  the  settling  velocity  for  small  particles 
were  found  to  be  up  to  30%  higher  inside  cluster  than  outside  (fig.  4.b). 


Figure  4:  PDPA  measurments  conditioned  by  the  local  concentration:  a)  Dif¬ 
ference  between  the  particle  size  distribution  in  a  given  environment  and  the 
unconditional  distribution,  b)  Increase  of  settling  velocity  in  a  given  concentra¬ 
tion  environment  compared  with  the  unconditional  settling  velocity  <  Ktnc  > 
for  various  Stokes  numbers. 


3  Conclusions 

The  main  conclusions  ascertained  thus  far  are  twofold  :  i)  The  particles  in¬ 
teracting  with  the  surrounding  turbulence  leads  to  the  formation  of  clusters  of 
multifractal  nature,  and  ii)  These  clusters  are  responsible  for  an  increase  in  the 
settling  velocity.  The  hypothesis  currently  investigated  here  is  that  this  increase 
is  due  to  the  convection  velocity  of  dense  compact  droplet  cluster  regions  which 
sink  in  the  overall  low  concentration  medium. 
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1  Introduction 

The  study  of  the  settling  velocity  of  small  heavy  particles  in  turbulent  flows 
is  important  for  many  environmental  and  engineering  applications,  such  as  the 
settling  of  aerosol  particles  in  the  atmosphere  and  the  combustion  of  pulverized 
coal  or  liquid  sprays.  It  is  well  known  that  the  average  settling  velocity  of 
particles  in  turbulence  is  greater  than  that  in  still  fluid.  The  increase  of  settling- 
velocity  depends  on  the  inertia  and  terminal  velocity  of  particles,  since  they 
control  the  particle  accumulation  in  low  vorticity  regions  and  the  preferential 
sw’eeping  of  particles  in  downward  moving  fluid.  Wang  and  Maxey  [1]  showed 
that  a  significant  increase  can  occur  for  the  particle  with  inertia  response  time 
and  still-fluid  terminal  velocity  comparable  to  the  Kolmogorov  scales  of  the 
turbulence.  However,  the  above  result  has  been  confirmed  only  in  so-called 
one-way  coupling  case,  that  is,  at  very  low  particle  mass  loadings  in  which  the 
effect  of  particles  on  the  turbulent  flow  is  negligible.  It  is  still  unknown  how 
the  interaction  between  the  particles  and  the  turbulence  (two-way  coupling) 
influences  the  increase  in  the  settling  velocity. 

In  the  present  work,  we  investigate  the  two-way  coupling  effect  on  settling  ve¬ 
locity  of  small  heavy  particles  b}^  using  a  direct  numerical  simulation  of  isotropic 
turbulence  at  relatively  low  mass  loadings  of  particles. 


2  Formulation 

We  consider  the  motions  of  spherical  particles  under  the  gravitational  force  in 
the  xi  direction.  The  particle  diameter,  dp,  was  assumed  to  be  small  compared 
with  the  Kolmogorov  length-scale,  Ik,  of  turbulence.  It  is  also  assumed  the 
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concentration  of  particles  is  low  enough  such  that  the  effect  of  particle-particle 
interaction  is  negligible.  Taking  account  of  the  fact  that  the  particle  (solid) 
density,  p,,,  is  much  larger  than  the  fluid  (air)  density,  pf,  only  the  Stokes  drag 
and  the  gravitational  forces  were  assumed  to  act  on  particles.  The  particle 
motions  are  then  governed  by  the  following  equations, 

^  ^  {u[xj,)  -  Up  Y  Vsei}  ,  ^  =  Up,  (1) 

where  Tp  =  ppdfjl&pjiy  and  V5  =  TpP  {g:  gravity)  denote  the  particle  inertia 
and  the  still-fluid  terminal  velocity,  respcctivel3c  The  reaction  force  due  to  the 
Stokes  drag  was  assumed  to  act  on  the  carrier  fluid. 

The  motions  of  the  carrier  fluid  were  solved  on  64^  grid  points  in  a  cubic 
box  of  sides  of  27r  by  using  the  Fourier  spectral  method.  The  13-point  spatial 
interpolation  method  [2]  was  used  both  for  the  evaluation  of  fluid  velocity  at  the 
particle  position  from  its  neighboring  grid  points  and  for  the  distribution  to  the 
grid  points  of  the  reaction  force  exerted  by  the  particle  on  the  fluid. 

In  the  present  study,  we  focus  on  the  particles  with  Tp/rK  =  0(1)  and 
Vs/vK  -  0(1)  at  which  the  increase  in  settling  velocity  due  to  turbulence  is 
significant  in  the  one-way  coupling  case,  where  ta'  and  vk  =  Ik/tk  the 
Kolmogorov  time  and  velocity  scales  of  the  turbulence,  respectively.  A  decaying 
run  was  performed  starting  from  the  random  initial  condition.  We  introduced 
2^^  particles  randoml}^  throughout  the  computational  domain  at  t  =  to  when 
the  turbulence  had  attained  a  fully  developed  state.  The  Taylor  microscale 
Reynolds  number  at  t  =  to  was  20.4.  The  particle  volume  fraction  was  as  low 
as  6.8  X  10“'''  (sec  Table  1).  The  particle  and  the  fluid  motions  were  simulated 
until  t  =  t,  =  toY  1.93Tc,  where  =  iq/e  (e:  energy  dissipation  rate)  is  the 
eddy  turnover  time. 

Four  additional  runs  were  conducted  for  the  particles  Avith  different  values 
of  dp  with  the  gravity^,  the  particle’s  density  and  the  volume  fraction  fixed  (see 
tables  1).  Since  the  lack  of  stationarity  would  cause  difficidties  in  the  compar¬ 
ison  between  the  results  for  different  values  of  Tp  (or  dp),  the  turbulence  was 
kept  stationary  b}^  fixing  the  sum  of  the  amplitude  of  Fourier  modes  within  the 
wavenumber  band  of  2.5  <  |/c|  <  3.5.  The  Taylor  microscale  Reynolds  number 
in  the  case  without  particle  was  33.7.  The  number  of  particles  was  2^^. 

For  comparison,  simulations  without  the  reaction  force  were  carried  out  for 
all  the  cases.  It  was  found  that  the  turbulence  energy  changed  slightly  due 
to  the  two-way  coupling  effect  (4.0  percent  increase  for  the  decaying  case,  1.0 
and  10.0  percent  decreases  for  the  case2  and  cased  in  the  stationaiy’  turbulence, 
respectively). 

3  Results  and  Discussion 

First,  we  consider  the  decaying  case.  Figure  1  shows  the  concentration  proba¬ 
bilities  of  particles  at  the  end  of  the  simulation.  The  concentration  C  at  any 


Two-way  coupling  effect  on  settling  velocity  of  small  heavy  ... 


559 


Slid  point  is  defined  as  the  number  of  particles  inside  a  small  cubic  cell  with  the 
center  at  the  grid  point  and  its  side  equal  to  the  grid  spacing.  The  figure  shows 
that  both  the  regions  of  C  =  0  and  of  large  values  of  C  are  large  compared  with 
the  random  distribution  as  a  result  of  the  particle  clustering.  This  is  due  to  the 
particle  accumulation  in  low  vorticity  and  high  strain  regions  [3,  1).  It  is  seen 
that  the  two-way  coupling  effect  modifies  the  particle  concenti  ation  only  s  igrt  y. 
On  the  other  hand,  it  noticeably  enhances  the  increase  in  the  settling 
AVs  =  u, I  -  Vs-  Figure  2  shows  the  time  evolution  of  the  mean  value  (A Fs). 
The  increase  in  the  one-way  coupling  case  is  11.9  percent  of  the  magnitude  of 
vertical  velocity  which  is  comparable  with  those  in  previous  works  [1,  ]• 

The  relative  increase  of  the  settling  velocity  due  to  the  two-way  coupling  effect 
amounts  to  11.4  percent  of  u\  at  t  =  U-  This  is  larger  than  the  increase  m  u, 
itself  (5.3  percent)  due  to  the  reaction  force  by  the  particles. 

Figure  3  shows  the  settling  velocity  averaged  over  the  particles  inside  the  grid 
cells  with  the  specified  concentration  C.  The  monotonous  increase  in  settling 
velocity  with  C  in  the  one-way  coupling  case  corresponds  to  the  concentration 
of  particles  to  the  local  downward  flows.  It  is  interesting  that  the  additiona 
increase  of  settling  velocity  due  to  the  two-way  coupling  effect  also  increases 
with  C.  This  indicates  that  the  particles  accumulated  in  clusters  intensity  the 
local  downward  flows,  which  further  accelerate  the  settling  of  the  particles. 

Finally,  we  examine  the  dependence  of  the  settling  velocity  on  the  particle 
diameter.  Figure  4  shows  the  increase  in  the  average  settling  velocity  for  the 
stationary  turbulence.  Note  that  since  the  gravity  is  fixed,  the  still-fluid  terminal 
velocity,  Fs(=  rpQ  oc  d/),  is  proportional  to  the  particle  inertia  Tp.  It  is  seen 
that  the  maximum  enhancement  of  the  increase,  (AF5),  occurs  at  Tp  ^  tk  m  tlie 
one-way  coupling  case  [1,4].  The  two-way  coupling  effect  significantly  enhances 
(AVs)  for  all  the  cases.  The  additional  increase  in  (AFs)  due  to  the  two-way 
coupling  effect  seems  to  be  maximized  at  Tp  ss  tk  as  in  the  one-way  coupling 
case,  though  its  dependence  on  the  particle  diameter  is  relatively  weak. 


Figure  1;  Concentration  probabilities 
of  particles.  (C)  =  2. 


Figure  2;  Time  evolution  of  the 
increase  in  average  settling  velocity. 
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Table  1:  Parameters,  kmax  =  y/SN/2  {N  =  64). 


_ ^p/h<  Tpj'^k  Pp/PS _ _ Vs/'^k  hckmzix 


decaying  {t  =  to) 

^p! 

0.16 

‘P!  'K 

1.43 

rp/ 

1000 

Yv 

6.8  X  lO-*^ 

^7  '^k 

0.96 

0.8 

decaying  (t  =  t^) 

0.07 

0.26 

— 

— 

1.23 

1.8 

stationary  (easel) 

0.09 

0.5 

1000 

6.1  X  10'-'^ 

0.5 

1.1 

stationary  (case2) 

0.13 

1.0 

1000 

6.1  X  10-^ 

1.0 

1.1 

stationary  (case3) 

0.19 

2.0 

1000 

6.1  X  10“^ 

2.0 

1.1 

stationary  (casc4) 

0.27 

4.0 

1000 

6.1  X  10“'' 

4.0 

1.1 

0  5  10  15 

C 

Figure  3:  C  vs  A 14’.  The  straight 
lines  represent  the  averages  over  all 
particles. 


Figure  4:  Increase  in  average  settling 
velocity  for  the  stationary  turbulence. 


References 

[1]  L.  P.  Wang  and  M.  R.  Maxey.  Settling  velocity  and  concentration  distribution 
of  heavy  particles  in  homogeneous  isotropic  turbulence.  J.  Fluid  Mech., 
256:27-68,  1993. 

[2]  P.  K.  Yeung  and  S.  B.  Pope.  An  Algorithm  for  Tracking  Fluid  Particles 
in  Numerical  Simulations  of  Homogeneous  Turbulence.  J.  Comp.  Physics, 
79:373-416, 1988. 

[3]  K.  D.  Squires  and  J.  K.  Eaton.  Preferential  concentration  of  particles  by 
turbulence.  Physics  of  Fluids  A,  3:1169  1178,  1991. 

[4]  C.  Y.  Yang  and  U.  Lei.  The  role  of  the  turbulent  scales  in  the  settling- 
velocity  of  heavy  particles  in  homogeneous  isotropic  turbulence.  J.  Fluid 
Mech.,  371:179-205,  1998. 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Direct  numerical  simulation  of  particle 
dispersion  in  a  spatial  mixing  layer 

Z.  W.  Hu,  K.  H.  Luo  and  X.  Y.  Luo 

Engineering  Department,  Queen  Mary  &  Westfield  College 
University  of  London,  Mile  End  Road,  London  El  4NS,  U.K. 

Contact  e-mail:  z.hu@soton.ac.uk 


1  Introduction 

Particle  dispersion  in  free  shear  turbulence  is  important  for  many  industrial, 
environmental  and  medical  processes.  Direct  numerical  simulation  (DNS)  has 
been  commonly  used  to  study  particle  dispersion[2-5].  Most  of  the  DNS  work, 
however,  are  carried  out  in  homogeneous  turbulent  flow,  i.e.,  assuming  the  spa¬ 
tial  particle  mixing  behaves  the  same  as  in  a  temporal  developing  process.  To 
consider  the  possible  influences  of  spatial  developing  character  on  the  particle 
dispersion,  this  paper  uses  DNS  to  study  the  particle  dispersion  in  a  two  dimen¬ 
sional  spatial  mixing  layer.  Results  are  compared  with  these  of  temporal  mixing 
layer,  and  the  effect  of  gravity  on  the  particle  mixing  are  also  analyzed. 


2  Computational  procedure 


The  compressible  continuity,  momentum  and  energy  equations  are  solved  for  the 
turbulent  spatial  mixing  layer.  They  are  non-dimensionalized  by  Ui{Ui  >  U2, 
where  Ui  and  U2  are  the  upper  (?/  >  0)  and  lower (y  <  0)  free  stream  velocity, 
respectively) ,  and  the  mixing  layer  vortex  thickness  • 


dp  ^ 

dt  dxj  ^  ^ 

d{pui)  ^  djpujUj)  dp  drij 

dt  dxj  dx-i  dxj 

dEr  ^  d[(ET p)^ij]  dgj  djuiTij) 

dt  dxj  dxj  dxj 

Assume  that  all  particles  are  rigid  sphere  with  identical  diameter  dp  and 
density  p;,,  Pp  ^  p,  where  p  is  fluid  density,  and  assume  also  the  particle  has 
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no  influence  on  the  fluid,  we  obtain  the  non-dimensional  Lagrange  motion  of 
equation  for  particles: 


dv 


/;.(u-v) 

St 


(4) 


Th(^  computational  flow  domain  is  chosen  as  in  figure  1,  where  L,,-,  x  L,j  = 
300  X  30,  with  grid  points  601x61.  Non-reflecting  boundary  condition  is  applied 
to  all  boundaries.  The  6th  order  Fade  finite  difference  scheme[l]  is  used  in  space, 
and  an  explicit  3th  order  compact-storage  Runge-Kutta  method  is  used  in  time. 
The  initial  velocity  is  set  to  be  a  hyperbolic  tangent  profile. 


3  Results 

Typical  parameters  are:  R.eynolds  number  =  pUi6^/f.i  =  200,  convective 
Mach  number  Me  =  0.04,  and  A  =  {U\  —  U2)/{Ui  +  U^)  =  0.25.  Figure  1  shows 
the  vortex  contour  of  the  mixing  layer  at  t=350. 


X 


Figure  1:  Vortex  contour  of  the  spatial  mixing  layer  at  t=350. 

Initially,  particles  are  put  at  every  grid  point.  As  the  mixing  layer  develops, 
some  of  particles  are  carried  out  of  the  domain.  Different  from  a  temporal 
mixing  layer,  which  let  particle  reenter  form  the  opposite  boundary  with  the 
same  ijarameter,  in  the  sj^atial  mixing  layer,  new  particles  have  to  be  added  into 
the  upper  and  lower  stream  separately  to  keep  the  same  spatial  interval. 

Particles  with  Stokes  numljer  from  0.1  to  100  are  calculated.  The  large- 
scale  vortex  is  developed  for  x  ^  0  —  90,  and  has  little  influence  on  the  particles. 
With  the  evolution  of  the  mixing  la^nr,  particles  are  transmitted  and  mixed,  and 
finally  form  patterns  in  the  vortex  area.  Figure  2  shows  some  typical  dispersion 
pattern  of  particles  with  St=0.1,  4  and  100  at  x=150-300. 

Particles  with  small  Stokes  number  tend  to  follow  the  vortex  of  fluid,  because 
they  response  much  quicker  to  the  change  of  fluid  parameters  due  to  their  small 
inertia,  and  they  stay  in  a  near  equilibrium  condition  with  the  surrounding  fluid. 

The  response  time  of  particles  with  =  1  ~  10  has  a  same  order  with 
the  flow  time  scale.  The  influence  of  fluid  through  Stokes  viscous  drag  is  now 
comparable  to  the  particle  inertia.  These  particles  tend  to  accumulate  around 
the  circumferem:c^  of  the  two-dimensional  large-scale  vortex,  and  this  trend  is 
strengthened  with  the  increase  of  particle  Stokes  number. 

The  dispersion  pattern  for  large  particles  (5/ =  100)  is  quite  different.  Their 
large  particle  momentum  response  time  kept  them  from  responding  quickly  to 


Direct  numerical  simulation  of  particle  dispersion  in  a  spat  ... 


563 


(c)  St=100 


Figure  2:  Particle  dispersion  pattern  at  t=350. 

any  change  of  fluid  parameters.  The  results  in  figure  2  show  that  in  the  vortex 
area,  particles  are  depleted  from  the  core  area,  but  do  not  accumulate  around 
the  circumference  of  vortex,  their  final  patterns  are  different  from  the  vortex 
structure,  and  is  asymmetric.  We  note  that  the  particle  pattern  is  symmetric 
for  a  temporal  mixing  layer  with  the  similar  parameters[2].  This  is  because 
the  large  particles  are  in  a  non-equilibrium  state  with  the  fluid,  their  velocity 
is  different  from  the  velocity  of  surrounding  fluid,  so  they  will  travel  through 
different  vortex  of  the  mixing  layer.  This  can  not  be  presented  in  the  temporal 
mixing  layer  which  only  has  one  vortex[2]. 

The  root  mean  square  of  particle  number  per  cell  for  each  streamwise  posi¬ 
tion,  Nrm.s(''^-)[2]  j  is  shown  in  figure  3.  It  shows  again  the  difference  between  a 
temporal  and  a  spatial  mixing  layer. 

As  the  ratio  of  gravity  to  Stokes  viscous  drag  is  proportional  to  particle 
response  time  Tp,  gravity  effect  is  usually  considered  to  be  small  and  is  ne¬ 
glected  for  small  particles.  Figure  4  gives  the  percentage  of  particles  transmit¬ 
ted  from  one  fluid  into  the  other  with  and  without  gravity  for  relatively  small 
particles (5i  =  4).  It  shows  that  the  gravity  has  significant  influence  on  the 
particle  mixing  even  for  small  particles.  The  gravity  will  reduce  the  number  of 
particle  transmitted  from  lower  fluid  to  upper  fluid,  and  enhance  the  opposite. 
Thus  more  particles  tend  to  accumulate  in  the  lower  stream  where  the  fluid 
velocity  is  small. 
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Figure  3:  Nrms(x)  for  particles  Figure  4:  Influence  of  gravity  on 

with  different  Stokes  number  particle  mixing. 


4  Conclusion 

•  Particle  dispersion  in  a  two-dimensional  spatial  mixing  layer  is  simulated 
using  DNS.  Results  are  compared  with  those  of  the  temporal  mixing  layer, 
and  important  diff^ercnces  are  found  for  particles  with  large  Stokes  number. 
In  particular,  a  particle  pattern  which  is  symmetric  in  the  temporal  mixing 
layer  becomes  asymmetric  in  the  spatial  mixing  layer. 

•  Gravity  is  found  to  have  significant  influence  on  the  numbers  of  particles 
transmitted  from  one  fluid  layer  into  another  even  for  small  particles.  With 
gravity,  more  particles  tend  to  accumulate  in  the  lower  layer  where  the  fluid 
velocity  is  small. 
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1  Introduction 

The  simulation  of  turbulent  two-phase  flows  using  the  LES  approach  can  be 
developed  by  extending  the  notion  of  resolved  scales  to  the  liquid/solid  phase. 
Particle  clusters  (Naber  and  Reitz,  [1])  and  particle  groups  (Zhou  and  Yao,  [2]) 
have  been  suggested  for  the  related  purpose  of  increasing  the  mass  loading  in 
spray  simulations.  An  earlier  paper  ([3])  addressed  this  issue  by  extending  the 
notion  of  LES  to  the  discrete  particle  phase  and  developed  closure  models  analog 
to  SGS  closures  for  the  redundant  unknowns.  The  idea  is  to  treat  finite  subsets 
of  discrete  particles  contained  in  a  sphere  as  an  identifyable  entity,  which  satisfy 
dynamic  equations  similar  to  but  different  from  the  equations  for  an  individual 
particle.  This  method  is  applied  to  forced  homogenous  turbulence  and  round 
jets. 

The  guiding  philosophy  of  the  experimental  program  was  the  development 
of  accurate  data  on  turbulent  dispersion  and  vaporization  of  particles  in  a  shear 
flow  with  well  documented  initial  conditions.  Atomizers  that  are  frequently 
used  in  spray  research  involve  rather  complicated  geometries  and  initial  condi¬ 
tions  difficult  to  set  up  for  numerical  simulations.  Considerable  effort  has  been 
expended  to  achieve  well  defined  conditions  that  can  be  used  in  LES  solvers  for 
comparison. 


2  Experiment 

A  round  turbulent  jet  was  the  base  flow  for  the  experiments.  Air  blast  atomizers 
yielded  a  spray  with  mass  loadings  up  to  30%.  Measurements  of  the  dispersion 
of  a  single  particle  were  obtained  by  adding  a  fluorescent  dye  to  a  droplet  that 
was  created  by  a  piezo  electric  droplet  generator.  Fluorescent  particles  were 
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injected  along  the  centerline  of  the  spray.  Fluorescence  that  was  emitted  from 
tlie  particle  as  it  passed  through  an  Argon  ion  laser  sheet  was  imaged  onto  a 
position  sensing  photomultiplier  tube.  Data  from  many  particles  were  collected 
and  averaged  to  yield  the  mean  square  displacement  from  the  axis,  the  so-called 
disjmrsion.  It  was  apparent  that  the  addition  of  the  spray  had  an  impact  on  the 
dispersion  of  the  tagged  fluorescent  particle. 

Mie  scattering  images  of  the  spray  suggested  a  large  scale,  quasi  sinusoidal 
motion  of  the  spray.  Details  of  the  flow  field  were  studied  with  PIV.  A  novel 
scheme  was  implemented  to  obtain  these  PIV  data  with  limited  optical  resources. 
A  single  YAG  laser  was  used  to  generate  the  light  sheet  for  the  velocity  imaging. 
A  double  pulse  with  variable  timing  was  generated  with  a  solid  state  switch 
that  had  been  introduced  to  the  US  market.  It  permitted  switching  of  the  3 
to  5  kV  supply  to  the  Pockel  cell  of  the  YAG  laser  within  10  ns,  following 
a  TTL  input  signal  from  a  function  generator.  Hence,  a  Marx  bank  was  not 
required  to  generate  the  double  pulse.  Furthermore,  the  solid  state  switch  offered 
flexibility  in  timing  as  well  as  the  possibility  of  using  multiple  pulses  for  Particle 
Ti’acking  Velocimetry.  This  scheme  was  implemented  successfully  in  the  spray. 
The  strong  secondary  background  scattering  from  the  spray  outside  the  laser 
sheet  necessitated  image  processing  to  remove  noise  via  thresholding  before  a 
FFT  analysis  was  carried  out. 

The  instantaneous  vector  plot  shows  a  large  scale  motion  of  the  spray  that 
lends  credence  to  the  notion  that  a  helical  structure  may  account  for  the  in¬ 
creased  dispersion  of  the  tagged  particle  as  spray  is  added  to  the  jet. 


3  Modeling 

A  particle  LES  model  (PLES)  was  developed  ([3])  and  implemented  into  the 
Navier-Stokes  solver  for  the  spatially  developing  turbulent  round  jet.  The  PLES 
model  treats  spherical  subdomains  Di{t)  of  the  flow  field  with  constant  radius 
B.  containing  Ni(t)  particles  as  an  entity  (called  ’’blobs”),  that  is  governed  by 
dynamic  equations  for  position  X/(^)  and  velocity^  Vi(^)  of  the  center  of  the  blob 
i,  similar  to  an  individual  particle  but  with  non- closed  terms.  These  additional 
terms  represent  the  effect  of  particle  motion  inside  the  blob  and  particles  leaving 
and  entering  it.  The  position  Xi{t)  and  the  velocity  Vi{t)  of  a  blob  Di{t)  change 
with  time  according  to  the  differential  equations 

^=v.W  (1) 

dv/ =  +  dQi  +  dSi  +  (2) 

where  (2)  is  regarded  as  a  stochastic  differential  equation  ([3]).  The  terms  on 
the  right  side  of  (2)  are  regarded  as  forces  acting  on  a  blob:  Pi{t)  is  the  particle 
force  computed  with  the  centroid  properties  of  the  blob,  Qi(i)  is  the  difference 
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Figure  1:  Individual  particles  (small  spheres)  and  blob  (thick  sphere)  in  forced 
homogeneous  turbulence  (Reynolds  number  based  on  Taylor  scale  Rex  ~  38)  at 
i  =  5.6  after  release. 


between  the  average  acceleration  of  the  blob  and  Pj,  the  third  term  dSi{t)  is 
the  effect  of  particles  leaving  and  entering  the  blob  boundary  and  the  last  term 
represents  the  effect  of  the  motion  of  the  particles  inside  the  blob  relative  to  the 
position  of  the  centre  of  the  blob,  Yi{t)  denoting  the  distance  between  the  blob 
center  X.i{t)  and  the  centroid  location  X.i{t)  (mean  value  of  the  postion  of  all 
particles  within  the  blob). 

Closure  models  ([3])  have  been  developed  for  these  additional  terms  based 
on  integrated  white-noise  processes,  which  can  be  simulated  using  stochastic 
differential  equations  of  the  Ornstein-Uhlenbeck  type.  The  closure  model  was 
tested  in  forced  homogeneous  turbulence  and  low  Reynolds  number  turbulent 
jets.  The  results  for  forced  homogeneous  turbulence  show  that  the  blobs  follow 
roughly  the  cloud  of  particles  they  are  designed  to  represent.  Figure  1  shows  the 
result  of  a  simulation  of  a  cloud  of  particles  and  a  blob  in  forced  homogeneous 
turbulence.  The  closure  model  is  seen  to  keep  the  blob  in  the  center  of  the 
particle  cloud  as  required.  Computations  in  round  jets  at  Re  =  4000  have 
shown  the  possibility  of  similar  helical  instabilities  that  were  evident  in  the 
experimental  measurements  of  dispersion. 


4  Conclusions 

The  notion  of  Large  Eddy  Simulations  was  extended  to  the  discrete  particle  phase 
with  the  aim  to  improve  the  simulation  of  sprays  based  on  the  tracking  of  particle 
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Figure  2:  Pdf  /  of  blobs  (full  line)  and  particles  (dashed  line)  for  the  radial 
(right)  and  axial  (left)  velocity  component  at  x/D  =  8.  Blobs  and  particles  are 
released  at  the  same  location  and  time. 


subsets  called  blobs.  Results  for  particle  dispersion  in  forced  homogeneous  show 
that  the  effect  of  the  closure  model  for  the  blob  dynamics  is  to  follow  the  cloud  of 
particles  it  represents.  The  application  of  the  PLES  model  to  turbulent  round 
jets  shows  that  the  blob  statistics  are  in  good  agreement  with  the  results  for 
individual  particles  in  low  mass  loading. 
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1  Introduction 

When  a  jet  of  air  is  continuously  injected  co-axially  at  the  jet’s  centerline  into 
a  turbulent  water  jet,  the  turbulent  stresses  acting  on  the  surface  of  the  air  jet 
result  in  its  fragmentation  into  air  bubbles.  In  this  paper  we  have  made  an 
attempt  to  quantify  the  initial  size  of  the  bubbles  resulting  from  the  injection  of 
an  air  jet  into  the  fully  developed  region  of  a  turbulent  water  jet  as  a  function  of 
the  injection  conditions.  As  these  bubbles  are  convected  by  the  water  jet,  they 
undergo  a  cascade  break  up  until  a  situation  is  reached  where  the  turbulent 
stresses  from  the  liquid  are  no  longer  strong  enough  to  overcome  the  surface 
tension,  and  a  frozen  bubble  size  pdf  is  obtained.  In  this  paper  we  also  address 
the  dependence  of  the  mean  bubble  size  (achieved  in  the  frozen  state)  with  the 
initial  bubble  size.  This  work  is  a  continuation  of  a  recent  study  performed  by 
the  same  authors,  [1,  2]. 

2  Prediction  of  the  initial  bubble’s  size 

We  conducted  a  series  of  experiments  where  an  air  jet  was  injected  into  the 
fully  developed  region  of  a  turbulent  water  jet  through  a  very  small  hypodermic 
needle  (details  of  the  experimental  facility  are  described  in  [1]).  Upon  exiting 
the  needle,  the  air  jet,  which  was  injected  at  the  same  velocity  as  the  local 
mean  velocity  of  the  water  jet,  is  broken  by  the  turbulent  stresses  acting  on  its 
surface  and  bubbles  are  formed.  The  characteristic  size  of  the  initial  bubbles 
formed  should  be  a  function  of  the  breakup  time,  4,  and  of  the  air  flow  rate. 
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Qa,  with  a  dependence  of  the  form  Do  oc  (QatbY^^-  In  our  experiments,  the 
turbulent  properties  of  the  water  jet  at  the  air  injection  point,  the  air  flow  rate, 
and  the  needle’s  diameter  were  systematically  varied  to  cover  a  wide  range  of 
flow  conditions.  The  size  of  the  bubbles  formed  was  measured  by  analyzing 


D  (mm) 


Figure  2:  Dependence  of  Dq  with 
Figure  1:  Measured  D32  versus  Dn-  ^ 


approximately  3000  images  taken  with  CCD  cameras  at  a  very  short  exposure 
time  of  1/80,000  seconds.  The  mean  bubble  diameter  was  found  to  increase  with 
both,  the  needle  diameter,  Dn,  and  the  air  flow  rate.  Furthermore,  the  bubble 
mean  diameter  was  also  found  to  decrease  for  increasing  values  of  the  root-mean- 
square  of  the  water  velocity  at  the  air  injection  point,  u'.  The  dependence  of  the 
Sauter  Mean  Diameter  of  the  measured  initial  bubble  size  distributions,  D32, 
with  the  needle  diameter,  is  shown  in  Fig.  1  for  different  values  of  u'  and 
Qa-  With  the  turbulent  breakup  time  defined  as  4  oc  Dn/u\  the  diameter  of 
the  bubbles  resulting  from  the  initial  break  up  can  be  estimated  as 


Do  oc 


\7r  u'  J 


(1) 


When  the  air  velocity  is  equal  to  the  local  value  of  the  water  jet  mean  veloc¬ 
ity,  Uuj,  which,  in  this  particular  case,  is  linearly  proportional  to  u' ,  the  above 
equation  simplifies  to.  Do  oc  Dn,  u  linear  dependence  that  is  verified  in  Fig.  1. 
Notice  also  that,  as  predicted  by  equation  1,  the  values  of  D32  measured  for 
cases  where  Ua  >  Uw  (solid  circles)  are  larger  than  those  obtained  for  the  same 
needle  diameter  and  with  Ua  =  Uyo-  Equation  1  can  also  be  rewritten  to  give 


Do 


oc  Dn  , 


(2) 


This  simple  model  is  verified  in  Fig.  2,  where  we  have  plotted  the  values  of  the 
measured  D32  divided  by  In  the  following  section,  we  will  use  this 

simple  model  to  study  the  dependence  of  the  final  bubble  size  PDF  on  Dq. 
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3  Dependence  of  the  final  bubble  size  on  the  ini¬ 
tial  diameter 

The  dependence  of  the  maximum  bubble  size,  Dmax,  on  the  local  value  of  e  is 
given  by, 

/  \  -3/5 

(3) 

where  a  is  the  interfacial  surface  tension,  and  p  the  density  of  the  continuous 
phase  (Kolmogorov  1949,  [3]).  Furthermore,  we  have  found  that,  in  a  turbulent 
water  flow,  the  breakup  frequency  as  well  as  the  size  of  the  daughter  bubbles 
depend  on  Dq.  Therefore,  D^ax  can  be  written  as  a  function  of  Dq  and  the 
critical  diameter,  Dc  —  {<j/ e-2/5  as, 

=  F{Do,D,y,  ^  .  (4) 

Particularly,  in  the  case  of  a  turbulent  jet,  the  local  value  of  the  e  decreases  with 
the  distance  from  the  water  nozzle.  During  the  time  that  a  bubble  of  initial 
size  Do  takes  to  flnish  its  breakup  process,  it  will  be  transported  to  regions  of 
values  of  e  lower  than  that  of  the  injection  point.  If  we  estimate  the  value  of  e 
as  e  ex  Uj  /Dj ,  equations  3  and  4  can  be  expressed  in  nondimensional  form  as: 

=  F2{DoID,)  (5) 

where  Wen  —  pU]  Dj fa  \s  the  Weber  number  based  on  the  nozzle’s  diameter, 
Dj,  the  velocity  at  the  exit  of  the  water  jet  and,  Uj,  and  F2  is  a  function  which 
depends  on  Dq/Dc-  To  determine  the  function  F2  we  conducted  several  sets 


Figure  3:  Variation  of  D-max  with  Wen-  Figure  4:  Evolution  of  F2  with  Do/ De¬ 
al  experiments  varying  the  values  of  Qa  and  e.  The  experiments  consisted  of 
measurements  of  the  final  bubble  size  distribution,  achieved  once  the  break  up 
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process  had  finished.  In  these  experiments  the  needle’s  diameter  was  always 
kept  constant  and  equal  to  Dn  =  0.394  mm.  Three  sets  of  experiments  were 
performed  by  increasing  u'  at  the  air  injection  point  from  1.46  m/s  to  5.12 
m/s  for  three  different  values  of  Qa  {Qn  =  3.6  ml/min,  Qa  =  7.25  ml/min, 
and  Qa  =  34.35  ml/min).  A  last  set  of  experiments  was  performed  by  keeping- 
constant  the  water  velocity  at  u'=  2.75  m/s  while  varying  the  air  velocity  from 
0.35  m/s  to  7.73  m/s.  More  details  on  the  experimental  conditions  are  given 
in  [2].  Figure  3  shows  that  the  maximum  bubble  size,  measured  once  the  break 
up  process  has  concluded,  decays  with  the  Weber  number  with  a  power  law 
almost  equal  to  the  one  predicted  by  the  simple  theory  given  by  equation  5.  It 
is  also  shown  that  increasing  values  of  Qn  results  in  increasing  values  of  Umax, 
a  consequence  of  the  effect  of  Qa  on  the  initial  bubble’s  size,  Do,  (given  by 
equation  1),  and  consequently,  on  F2.  From  the  measurements  of  D,nax/Dj  and 
Wfjn  obtained  for  a  large  range  of  values  of  e  and  Do ,  we  can  obtain  the  function 
D2(Do/Dc)  from  equation  5.  The  evolution  of  F2  with  Do/Dc  is  plotted  in  Fig. 
4  where  equation  1  has  been  used  to  estimate  the  values  of  Do  in  each  case,  and 
Dc  has  been  calculated  with  the  value  of  e  at  the  air  injection  point.  Figure 
4  shows  that  the  dependence  of  F2  on  Dq/Dc  is  almost  a  linear  one  giving  an 
almost  perfect  collapse  of  all  the  experimental  data  onto  the  same  line. 

4  Conclusions 

When  an  air  jet  is  injected  into  the  fully  developed  region  of  turbulent  water 
jet,  air  bubbles  are  formed  with  a  characteristic  size  Dq.  We  have  shown  that 
Do  is  proportional  to  the  air  injection  needle’s  diameter.  Da,  and  (Ua/u'Y^'K 
Upon  injection,  the  initial  break  up  is  followed  by  a  break  up  cascade  process 
until,  eventually,  a  final  (unchanged)  bubble’s  size  PDF  is  achieved.  Experimen¬ 
tal  measurements  of  the  maximum,  final  bubble  size  (covering  a  large  range  of 
values  of  u'  and  Ua)  show  an  almost  linear  dependence  of  D,naxlDc  on  Dq/Dc- 
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1  Introduction 

We  extend  the  work  of  Martinez-Bazan  et  al  [1],  [2],  [3],  on  the  breakup  of  air 
bubbles  in  a  fully-developed  turbulent  flow,  to  liquid-liquid  systems.  A  continu¬ 
ous  jet  of  an  immiscible  liquid  is  injected  into  the  fully-developed  region  at  the 
centerline  of  a  submerged,  high  Reynolds  number  water  jet.  The  jet  of  liquid  is 
initially  broken  into  a  distribution  of  droplets.  As  these  droplets  are  convected 
downstream  in  the  water  jet,  they  are  broken  into  successively  smaller  droplets, 
until  a  state  is  reached  in  which  the  turbulent  stresses  from  the  water  jet  are  no 
longer  strong  enough  to  overcome  the  confinement  forces  due  to  surface  tension. 
At  this  point,  a  frozen  size  distribution  is  achieved.  We  investigate  the  evolu¬ 
tion  of  the  droplet  size  distribution  leading  up  to  this  frozen  state  in  order  to 
characterize  the  breakup  frequency  (inverse  of  the  breakup  time)  of  the  droplets 
based  on  their  size  and  on  the  local  dissipation  rate  of  turbulent  kinetic  energy. 


2  Results 

We  conducted  a  series  of  experiments  in  which  heptane  was  continuously  injected 
through  a  very  small  hypodermic  needle  into  the  fully  developed  region  of  a 
turbulent  water  jet  (the  details  of  the  experimental  facility  are  given  in  [1]).  The 
injection  conditions  tested  are  given  in  Table  1.  Droplet  size  distributions  were 
determined  by  analyzing  approximately  1500  images  at  each  of  15  interrogation 
windows  located  immediately  downstream  of  the  injection  point.  The  images 
were  taken  using  a  CCD  camera  with  an  exposure  time  of  1/80,000  seconds 
and  a  frame  rate  of  30  fps.  The  total  interrogation  region  (all  15  windows) 
was  approximately  2.0  cm  wide  and  4.5  cm  tall.  In  all  cases  tested,  the  lateral 
dispersion  of  the  heptane  droplets  was  less  than  the  width  of  the  interrogation 
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Injection  Location  {X/Dj) 

IDneedle 

RO-waterjet 

Uhept 

Dmax 

25 

0.394 

39,000 

2.4 

1.12 

25 

0.495 

39,000 

2.4 

1.30 

25 

0.584 

39,000 

2.4 

1.57 

35 

0.584 

52,000 

2.2 

1.55 

40 

0.584 

52,000 

1.9 

1.53 

40 

0.838 

52,000 

1.9 

2.02 

40 

0.838 

39,000 

1.4 

2.07 

Table  1:  Dj  is  the  diameter  of  the  water  nozzle;  ID  needle  is  the  inner  diameter 
of  the  hypodermic  needle  (mm);  Re^aterjet  =  UoDj/n;  Uhept  is  the  injection 
velocity  of  the  heptane  (m/s);  Dmax  is  the  largest  droplet  size  class  (mm). 


window.  Furthermore,  the  width  of  the  interrogation  window  was  much  less  than 
the  local  width  of  the  water  jet.  Droplet  convection,  therefore,  was  treated  as 
one-dimensional.  Breakup  frequencies  based  on  the  maximum  diameter  of  the 
measured  droplet  size  distributions  {Dmax)  were  determined  from  equation  (1) 
(see  [1]  for  the  derivation  of  this  equation): 


Q{x,Dninx)  — 


d{ND,,..^U) 


dx 


(1) 


where  g{x,  Dmax)  is  the  breakup  frequency,  and  Nn^na.  is  the  number  of  droplets 
of  size  Dmax  at  the  given  location.  Since  the  dissipation  rate  of  turbulent  kinetic 
energy  is  known  at  each  x  location,  we  also  obtain  g{e,  Dmax)-  The  dependence 
of  ^  on  e  for  the  conditions  tested  is  shown  in  Figures  1  and  2. 
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Figure  1:  Breakup  frequency  vs.  dissipation  rate  for  injection  at  XfDj  —  25. 
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Figure  2:  Breakup  frequency  vs.  dissipation  rate  for  injection  at  X/Dj  =  35 
and  40. 


Figures  1  and  2  suggest  that  for  a  given  value  of  the  dissipation  rate  of  turbu¬ 
lent  kinetic  energy,  there  may  be  a  diameter  for  whch  the  breakup  frequency  is 
a  maximum.  Selecting  e  =  20  a  value  of  the  dissipation  rate  common  to 

a  majority  of  the  data  sets,  a  critical  diameter  {Dc  =  (12cr/(^p))^/^e“^/^,  see  [4] 
and  [5])  was  calculated.  The  breakup  frequency  was  then  plotted  as  a  function 
of  D„,ax/Dc.  The  result  is  shown  in  Figure  3.  The  figure  reveals  a  maximum 
breakup  frequency  at  a  value  of  DmaxjDc  of  about  1.6. 


0  0.5  1  1.5  2  2.5 


Figure  3:  Breakup  frequency  vs.  Dmax/Dc^  The  figure  is  based  on  data  points 
from  Figures  1  and  2  with  e  =  20 
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3  Conclusions 

When  heptane  is  injected  continuously  into  the  fully  developed  region  at  the 
centerline  of  a  high  Reynolds  number  water  jet,  a  droplet  size  distribution  is 
formed  which  evolves  as  the  droplets  are  convected  downstream  and  broken  by 
the  underlying  turbulence.  The  experimental  results  presented  in  this  paper 
reveal  two  features  of  this  breakup  process: 

•  For  the  conditions  tested  {Wet  ~  <  70),  the  breakup  frequency 

evolves  with  the  dissipation  rate  of  turbulent  kinetic  energy  as  g{€,  D.,nnx)  oc 

g0.45±0.0] 

•  A  maximum  breakup  frequency,  for  e  =  20  is  observed  at  a  value 

of  DmnxIDc  of  about  1.6.  More  data  is  required  to  confirm  this  result; 
however,  the  existence  of  a  maximum  breakup  frequency  agrees  with  the 
model  proposed  in  [1]. 
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1  Introduction 

Particle-laden  recirculating  flows  appear  in  many  technical  applications.  An  ex¬ 
ample  may  be  the  flow  of  air  and  coal  at  the  outlet  of  a  pulverized  coal  burner. 
Separating  and  reattaching  flows  are  still  difficult  to  predict  especially  with  par¬ 
ticles  and  their  influence  not  only  on  the  momentum  transport  of  the  gas  phase 
but  also  on  turbulence.  In  this  paper,  experiments  on  particle- turbulence  inter¬ 
action  in  a  backward-facing  step  flow  are  described. 

There  are  several  ways  to  predict  turbulent  flows  all  of  which  start  with  the 
Navier-Stokes  equations.  For  low  Reynolds  numbers  and  simple  geometries  it 
is  possible  to  solve  those  in  Direct  Numerical  Simulation  (DNS)  for  a  grid  fine 
enough  to  calculate  even  the  smallest  eddies.  For  higher  Reynolds  numbers  the 
number  of  nodes  increases  and  the  necessary  computer  storage  and  computer 
time  exceed  what  is  currently  available.  In  this  case  an  additional  set  of  differ¬ 
ential  equations  is  necessary  to  model  flow  structures  which  are  smaller  than  the 
grid.  Differential  equations  for  the  turbulent  kinetic  energy  and  the  dissipation 
are  commonly  used.  They  still  include  Reynolds  stress  terms  (velocity  cross 
correlations)  which  can  be  modeled  by  another  set  of  differential  equations  or 
symmetry  assumptions. 


Figure  1:  Geometry  of  the  channel  with  expansion  ratio  ER  =  (hi  -t-R)/hi  =  2. 
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2  Experiments 

Velocity  measurements  have  been  carried  out  in  a  particle-laden  air  flow  at  a 
backward-facing  step  which  is  a  simple  case  of  separation  and  reattachment. 
The  expansion  ratio  of  the  flow  at  the  step  is  ER  =  2  (Figure  1)  and  the  step 
Reynolds  number  Re  =  16,000.  The  mean  diameter  of  the  quartz  sand  pai  tides 
is  about  150  /xm  (100  <d<  200/im)  and  their  mass  fraction  0.2. 


Figure  2:  Cross-correlation  u'v'  for  flow  without  particles. 


Figure  3:  Cross-correlation  u'v'  for  flow  with  particle  mass  fraction  /x  —  0.2. 
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Figure  4:  Spatial  correla¬ 
tion  /(7’)  at  x/H  —  4  and 
7//i7  =  0  for  /X  =  0  plot¬ 
ted  as  versus  1  -  /(r). 
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Figure  5:  Gradients  of  u- 
velocity  in  x-direction  at 
xjH  =  4  for  /i  7=  0  and 

/X  =  0-2. 
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Figure  6:  Gradients  of  u- 
velocity  in  y-direction  at 
x/H  =  4  for  /X  =  0  and 
/x  =  0.2. 


The  detailed  3D-LDA  velocity  and  ID-LDA  spatial  velocity  correlation  mea¬ 
surements  yield  mean  and  fluctuating  part,  skewness,  flatness,  auto-  and  cross- 
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correlation,  triple  correlation,  integral  time  scale  and  gradients  of  the  velocities 
and  micro  and  macro  length  scales  of  turbulence. 

Figure  2  shows  the  velocity  cross-correlation  u'v'  for  the  flow  without  parti¬ 
cles  and  Figure  3  the  velocity  cross-correlation  u'v'  in  the  recirculating  zone  for 
the  flow  with  a  particle  mass  fraction  /i  =  0.2  .  In  Figures  4,  5  and  6  examples 
of  spatial  velocity  correlations  and  gradients  of  u- velocity  in  x-  and  y-direction 
are  given. 

The  spatial  velocity  correlations  yield  micro  scales  A/  and  Xg  and  macro  scales 
A/  and  Ag.  The  micro  scales  can  be  estimated  from  expanding  the  correlation 
function  /(?•)  (or  g{r))  in  a  Taylor  series  at  r  =  0  and  neglecting  terms  of  higher 
power  which  yields 


Figure  7:  Production  of  turbulent  kinetic  energy  for  flow  without  particles. 


Figure  8:  Production  of  turbulent  kinetic  energy  in  the  recirculating  zone  for 
flow  with  fi  —  0.2. 


Considering  homogeneous  shear  turbulence  the  transport  equation  for  the 
turbulent  kinetic  energy  is 


dk  _ dk  _  d  uidk  duj  duj .  duj 

dt  ^  dxi  dxi  Okdxi  ^  dx.j  dxi  dxj 


-  £. 


(2) 
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The  first  term  on  the  left  side  of  (2)  is  the  change  of  turbulent  kinetic  en¬ 
ergy  in  time  and  vanishes  for  stationary  flows.  The  second  term  represents  the 
convection  of  turbulent  kinetic  energy  and  the  terms  on  the  right  side  of  (2) 
represent  diffusion,  production  and  dissipation,  respectively. 

All  terms  of  (2)  except  of  the  dissipation  can  be  calculated  from  the  mea¬ 
surements,  as  an  example  Figures  7  and  8  show  the  production  term  of  (2).  The 
dissipation  can  then  be  calculated  from  (2)  and  is  shown  in  Figures  9  and  10. 


Figure  9:  Dissipation  of  turbulent  kinetic  energy  for  flow  without  particles. 
Calculated  from  the  transport  equation  of  k. 


Figure  10:  Dissipation  of  turbulent  kinetic  energy  for  flow  with  //  =  0.2.  Calcu¬ 
lated  from  the  transport  equation  of  k. 


3  Conclusions 

Results  of  velocity  measurements  in  a  two-phase  flow  at  a  backward-facing  step 
are  described  in  this  paper.  Detailed  3D-LDA  velocity  and  ID-LDA  spatial 
velocity  measurements  have  been  carried  out.  The  results  show  increased  tur¬ 
bulence  production  and  a  more  even  distribution  of  the  dissipation  in  the  shear 
zone  for  the  particle-laden  flow.  The  measurements  help  to  validate  numerical 
simulations  and  give  the  opportunity  to  examine  different  sets  of  equations  for 
their  validity  for  separating  and  reattaching  flows. 
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1  Introduction 

Many  industrial  devices  dedicated  to  propulsion  systems  or  energy  transforma¬ 
tion  involve  the  injection  of  liquid  fuel  with  a  gaseous  oxidizer  to  feed  the  com¬ 
bustion  chamber.  To  develop  accurate  numerical  models  of  turbulent  combustion 
in  such  devices,  it  is  important  to  carefully  understand  the  physical  phenomena 
controlling  the  interactions  between  spray  turbulent  mixing  and  combustion.  To 
this  end,  direct  numerical  simulations  (DNS)  of  a  turbulent  spray  flame  are  per¬ 
formed.  The  gaseous  phase  is  captured  in  an  eulerian  context  in  association  with 
a  Lagrangian  solver  for  dispersed  vaporizing  droplets. 

Previous  studies  have  described  vaporizing  turbulent  spray  in  decaying  [1,  2] 
or  forced  [3,  4]  homogeneous  turbulence.  We  report  DNS  results  of  a  burning 
jet  surrounded  by  a  forced  preheated  coflow  of  air.  For  this  configuration,  it  is 
shown  that  turbulent  combustion  mainly  occurs  in  a  partially  premixed  regime. 


2  Numerical  procedure 

The  continuous  phase  is  a  fully  compressible  Newtonian  fluid  following  the  equa¬ 
tion  of  state  for  perfect  gases.  DNS  allows  us  to  solve  exactly  all  the  scales  of 
the  flow  from  the  Kolmogorov  up  to  the  integral  scale. 

The  modeling  of  the  liquid  phase  [5]  includes  several  simplifications.  The 
droplets  are  assumed  to  be  spherical  without  any  motion  in  the  liquid  core  and 
droplet-droplet  interactions  are  neglected.  Time  and  space  dependant  vapor¬ 
ization  rate  of  droplets  is  computed  following  local  properties  of  the  gas  phase 
(temperature,  pressure,  gaseous  fuel  mass  fraction).  Local  saturation  properties 
are  determined  through  the  Clausius-Clapeyron  relation.  A  modified  convec¬ 
tive  Sherwood  number  accounting  for  convection  of  the  gas  around  droplets  is 
retained. 
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Spatial  derivatives  of  Eulerian  equations  are  determined  by  a  6^^^  order  Fade 
scheme  [6].  Time  advancement  is  computed  with  a  third  order  Runge  Kutta 
method  used  with  a  minimal  data  storage  algorithm  [7].  Figure  1  shows  the 
computational  configuration  and  the  injection  profile,  Fig.  2  is  a  snapshot  of  the 
mixture  fraction  levels  at  a  given  time. 

l) 


Non-  Reflecting  B.C. 


- Non-  Reflecting  B.C. 

I! 


Figure  1:  Computational  domain. 


Figure  2:  Snapshot  of  the  fuel  mass  fraction  (isolignes)  and  the  vaporizing  par¬ 
ticles  (dots),  pure  mixing  case. 


3  Flame  structure  at  stabilization 

Figure  3  is  a  snapshot  of  the  flame  at  a  representative  time.  The  stoichiometric 
ratio  between  oxidizer  and  fuel  corresponds  to  n-heptane. 

Combustion  starts  with  triple  points  surrounding  the  spray.  Three  flames 
emerge  from  each  triple  point:  A  rapidely  vanishing  lean  premixed  flame  on  the 
oxidizer  side,  a  trailing  diffusion  flame  and  a  rich  premixed  flame,  both  connected 
to  the  triple  point.  Combustion  is  therefore  organized  in  an  hybrid  regime.  The 
large  mean  vaporization  time  of  the  droplets  implies  the  presence  of  the  partially 
premixed  (rich)  flame  along  the  whole  droplets  trajectories  (Fig.  3). 
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Figure  4  presents  the  flame  at  two  successive  times.  The  droplets  are  also 
shown,  some  are  crossing  the  computational  domain  without  being  totally  va¬ 
porized.  A  variety  of  flame  topologies  is  observed,  pockets  of  burning  droplets 
behind  the  diffusion  flame  {A')  or  multiple  interaction  between  premixed  and 
diffusion  flames  {B').  Local  extinctions  may  be  detected  as  well. 


Figure  3:  Structure  of  the  turbulent  flame  attached  to  the  spray. 
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Figure  4:  Two  snapshots  {A  and  B)  of  the  energy  heat  release  (isolignes)  and 
the  vaporizing  droplets  (dots).  Local  zooms  show  a  burning  ring  of  droplets 
{A')  and  flame  complex  interactions  and  extinctions  {B').  (Droplets  size  is  not 
representative  of  the  computation.) 
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1  Introduction 

Previous  studies  on  Lagrangian  approach  for  particle  dispersion  in  turbulent 
fields  have  been  developed  from  the  simplest  case  of  one-way  coupling  to  more 
complicated  problems  involving  two-way  coupling  with  heat,  mass,  momentum 
and  energy  exchanges  between  phases  (Berlemont  et  al  [1]  [2]).  Numerical  sim¬ 
ulations  of  particle  two-phase  flows  is  now  more  focussed  on  particle/particle 
interactions.  This  is  a  four- way  coupling  problem  which  is  still  unsolved  in  its 
full  generality,  but  which  was  the  object  of  much  eflfort  in  the  recent  years.  The 
present  paper  concerns  two  particle  tracking  approaches,  which  will  be  described 
and  then  compared  with  LES  results  from  Lavieville  [3].  We  found  that  an  im¬ 
portant  parameter  requires  particular  attention  in  our  approaches,  namely  the 
overall  (referring  on  the  two  colliding  particles)  particle/particle  velocity  corre¬ 
lation  which  is  induced  by  the  surrounding  fluid. 


2  Lagrangian  tracking 

A  Lagrangian  approach  has  been  developed  in  Rouen  for  particle  tracking  in 
turbulent  flows,  which  relies  on  the  simulation  of  both  fluid  particle  and  discrete 
particle  trajectories  (Berlemont  et  al  [1]).  As  usually  for  fluid  particle  tracking, 
we  use  a  random  process,  in  which  a  Gaussian  p.d.f.  is  assumed,  and  complies 
with  Lagrangian  correlation  laws.  Rather  than  using  a  stochastic  process  leading 
to  a  fixed  Lagrangian  correlation,  we  choose  the  correlation  and  we  adapt  the 
random  process  to  it.  This  is  done  through  a  correlation  matrix,  but  let  us  note 
that  most  important  remains  the  turbulence  scale  approximation  since  dispersion 
results  are  very  sensitive  to  their  variations.  For  a  discrete  particle,  the  forces 
acting  on  the  particle  are  expressed  through  Maxey  and  Riley  equation  which 
depends  on  the  fluid  velocity  at  the  discrete  particle  location.  A  fluid  particle 
is  simultaneously  followed  and  the  fluid  velocity  is  transferred  from  the  fluid 
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local, ion  to  the  particle  location  by  use  of  Eulerian  correlations.  This  process  is 
carried  out  until  the  discrete  particle  leaves  a  correlation  domain  defined  around 
the  fluid  particle.  When  the  distance  between  the  two  particles  is  greater  than 
a  correlation  length  scale,  a  new  fluid  particle  is  considered  and  the  process  is 
repeated.  This  scheme  is  simulating  the  crossing  trajectory  eftects  in  a  very 
physical  way. 

3  The  stochastic  collision  model 

We  are  here  concerned  by  a  one  particle  Lagrangiaii  approach.  We  thus  have  to 
use  a  stochastic  particle/particle  collision  model,  as  described  by  Sommerfeld  [4], 
which  is  driven  through  a  collision  frequency.  By  assuming  that  the  fluctuating 
motion  of  the  discrete  phase  can  be  identified  to  the  thermal  motion  of  molecules 
in  gas,  the  kinetic  theory  formalism  leads  to  an  expression  for  the  collision  fre¬ 
quency  and  collision  probability  (Gourdel  et  al  [5]).  To  decide  whether  there  is 
a.  collision  or  not,  a  uniform  random  number  (between  0  and  1)  is  tossed  and  the 
collision  occurs  when  it  is  smaller  than  the  collision  probability.  In  the  present 
work,  binary  perfectly  elastic  collisions  are  considered.  When  two  particles  are 
colliding,  two  uniform  random  numbers  are  used  to  obtain  the  impact  location. 
We  then  move  to  a  new  coordinate  system  such  as  the  first  axis  is  on  the  particle 
center  direction  and  momentum  conservation  drives  the  collision  process. 


4  The  multiple  particles  collision  model 

In  the  multiple  particles  Lagrangian  approach  (Berlemont  et  al  [8]),  several  parti¬ 
cles  are  simultaneously  followed,  and  suitable  treatment  is  developed  on  particle 
pairs  for  collisions  (only  binary  collisions  are  considered),  at  each  time  step  of 
the  particle  trajectories  construction.  As  far  as  the  number  of  simultaneous  tra¬ 
jectories  is  limited,  simulations  are  carried  out  on  1000  successive  launches  of 
500  particles  which  are  initially  randomly  distributed  in  a  box  whose  size  is  fixed 
by  the  desired  concentration.  After  moving  the  500  particles,  we  test  on  all  the 
particle  pairs  if  two  particles  are  colliding.  When  a  collision  occurs,  we  move 
into  a  new  reference  frame  where  the  first  coordinate  vector  is  aligned  with  the 
particle  centers  and  the  above  process  for  the  particle  velocities  after  collision  is 
used  in  the  same  way  than  for  the  stochastic  approach. 

5  Fluid/Particle  correlation 

We  then  report  in  Table  1  the  comparisons  for  the  particle  kinetic  energy  be¬ 
tween  our  simulation  with  both  approaches  and  LES  results,  for  pp=h0kg7nr^ 
and  four  particle  volumetric  fractions.  As  we  previously  observed  with  the  mul¬ 
tiple  particles  Lagrangian  tracking  and  as  Sommerfeld  [4]  also  noticed  with  his 
stochastic  approach,  a  decrease  of  the  particle  energy  is  obtained  when  collisions 
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are  included  in  the  simulations,  which  is  not  observed  in  the  LES  simulations 
(Lavieville  et  al  [6]).  It  thus  appears  that  the  particle  motion  was  insufficiently 
correlated  to  the  fluid  motion,  due  to  collisions.  It  was  deduced  that  during  the 
collision  process  the  fluid/particle  correlation  was  partially  destroyed,  in  both 
approaches  but  not  in  the  same  way.  Each  approach  has  thus  been  modified 
to  account  for  the  correlation  between  the  fluctuating  motion  of  the  colliding 
particles  through  the  surrounding  fluid. 

In  the  stochastic  approach,  the  collision  frequency  is  deduced  from  the  kinetic 
theory  and  is  linked  to  the  particle/particle  pair  distribution  function.  When 
assuming  that  colliding  particle  velocities  are  independent  (molecular  chaos  as¬ 
sumption),  each  particle  velocity  is  satisfying  a  Gaussian  distribution  and  the 
particle/particle  pair  distribution  function  is  the  product  of  the  two  distribution 
functions.  But  this  assumption  can  be  no  more  valid  when  the  distance  between 
the  two  particles  is  small,  leading  to  a  possible  correlation  between  their  veloc¬ 
ities  through  the  turbulent  eddy  in  which  they  are  moving.  We  then  have  to 
introduce  a  distribution  function,  which  accounts  for  the  fact  that  the  two  par¬ 
ticles  are  driven  by  the  same  fluid.  This  important  point  has  been  first  stated 
by  Lavieville  [3]  for  two  identical  particles,  then  by  Pigeonneau  [7]  for  particles 
with  different  diameters. 


Oi2 

% 

LES 

Multi  part, 
uncorrel. 

Multi  part, 
correlated 

Stochastic 

uncorrel. 

Stochastic 

correlated 

no  col. 

0.053 

0.054 

0.054 

0.052 

0.052 

0,88 

0,055 

0,053 

0,055 

0,043  n 

0,049 

1,76 

0,056 

0,045 

0,056 

0,040 

0,048 

4,41 

0,059 

0,038 

0,057 

0,039 

0,049 

Table  1:  Particle  fluctuating  energy  [m^s  ‘^] 

In  the  multiple  particles  collision  model,  when  a  collision  occurs  between  a 
particle  pair,  both  particle  velocities  are  modified.  Each  discrete  particle  is  fol¬ 
lowed  with  its  own  fluid  particle,  without  any  correlation  between  the  two  fluid 
motions,  even  when  there  are  on  the  same  location.  As  a  consequence  modifying 
the  particle  velocities  during  a  collision  is  introducing  a  decorrelation  between 
the  discrete  particle  and  the  fluid  particle  on  each  trajectory.  That  behavior  has 
been  proved  erroneous  by  LES  simulations,  as  the  overall  (that  means  the  sum 
on  the  two  colliding  particles)  correlation  remains  constant  during  the  collision. 
As  the  discrete  particle  velocities  are  fully  determined  through  the  collision  pro¬ 
cess,  we  decided  to  modify  each  associated  fluid  velocity  in  order  to  respect  the 
invariance  before  and  after  the  collision.  As  it  has  been  previously  mentioned, 
the  fluid/particle  correlation  was  partially  destroyed  during  the  collision  process 
in  both  approaches,  but  not  in  the  same  way.  The  above  described  improve¬ 
ments  of  both  approaches  are  also  quite  different  in  their  formulation.  We  can 
notice  that  the  particle/particle  correlated  motion  is  taken  into  account  in  the 
stochastic  approach  before  the  colliding  process  itself,  by  introducing  a  corre- 
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lated  motion  between  the  two  partners  of  collision.  In  the  multiple  particles 
approach,  the  modification  of  the  process  is  introduced  just  after  the  collision, 
by  forcing  the  constant  overall  fluid/particle  correlation  through  a  change  of  the 
pilot  fluid  particle  velocity  of  each  colliding  particle.  We  then  compared  the 
particle  kinetic  energies  that  are  obtained  through  the  two  Lagrangian  models 
with  the  LES  results  for  all  the  cases  under  study  (Table  1). 

A  good  agreement  is  now  observed  and  that  confirms  the  initial  statement 
that  the  colliding  particle  velocities  are  strongly  linked  together  by  the  sur¬ 
rounding  fluid.  That  effect  is  more  important  as  the  ratio  between  the  particle 
relaxation  time  and  the  fluid  Lagrangian  time  scale  decreases,  since  the  parti¬ 
cle  motions  arc  more  and  more  rapidly  responding  to  any  change  in  the  fluid 
velocities. 
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1  Introduction 

In  an  optimal  LES  formulation,  the  subgrid  is  considered  to  be  stochastic  and  the 
problem  of  subgrid  modeling  is  treated  as  an  error-minimization  problem.  When 
the  error  is  defined  as  an  r.m.s.  measure  on  the  instantaneous  time-derivative  of 
filtered  velocity,  the  best  subgrid  model  is  the  conditional  average  of  the  time 
derivative,  conditioned  on  the  current  large-scale  field.  This  is  the  ideal  model 
since  in  addition  to  minimizing  dynamical  error,  it  also  assures  that  single- time 
statistics  of  the  LES  field  match  those  of  the  filtered  real  turbulence  [1],  While 
the  conditional  average  cannot  be  determined  directly,  it  can  be  approximated 
with  a  relatively  simple,  but  general  class  of  one-point  estimates,  which  can  be 
computed  from  two-point  correlation  data,  and  which  accurately  lepioduce  the 
dissipation  of  the  real  system.  In  this  paper,  new  results  for  isotropic  turbulence 
and  turbulent  channel  flow  are  discussed. 


2  Isotropic  Turbulence 

Optimal  LES  of  forced  isotropic  turbulence  has  already  been  studied  for  the  case 
of  a  Fourier  cutoff  filter  [1].  It  has  been  shown  that  the  simplest  linear  optimal 
model  can  be  represented  as  a  /c-dependent  eddy  viscosity,  and  that  much  more 
complicated  models  do  not  perform  significantly  better.  Further,  LES  using 
the  optimal  models  with  spectral  methods  produces  very  good  agreement  with 
filtered  DNS.  However,  with  a  spectral  cutoff  filter  and  a  spectral  simulation, 
numerical  errors  do  not  play  a  role  in  the  LES  dynamics.  For  practical  simula¬ 
tions  in  realspace,  it  is  expected  that  numerical  effects  may  be  significant,  and 
that  numerics  should  be  an  integral  part  of  an  optimal  LES  formulation. 

To  demonstrate  a  practical  model,  an  optimal  LES  finite  volume  foimulation 
is  applied  to  a  case  of  forced  isotropic  turbulence  with  Rca  =  167.  In  a  finite 
volume  formulation,  the  LES  state  variable  w]  is  simply  the  real  fluid  velocity 
Uj  averaged  within  the  itu  volume  element.  In  this  case,  the  domain  consists  of 
32^  volume  elements,  each  a  cube  of  dimension  A.  Formulations  are  tested  for 
collocated  and  fully  staggered  volume  elements. 
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Muw 

^'flUW 

du/dz 

^^diu/dz 

collocated  linear 

0.9965 

0.9966 

0.2233 

0.1005 

collocated  quadratic  local 

0.2443 

0.2052 

0.2228 

0.1002 

collocated  quadratic  nonlocal 

0.1963 

0.1246 

0.2172 

0.0984 

staggered  linear 

0.9965 

0.9966 

0.2136 

0.1086 

staggered  quadratic  nonlocal 

0.2306 

0.1742 

0.2105 

0.1072 

Table  1:  R.elative  estimation  error  for  various  finite- volume  fluxes. 


The  finite  volume  LES  governing  equations  can  be  written  in  terms  of  sur¬ 
face  fluxes,  which  depend  on  unresolved  velocit}^  scales  and  must  be  modeled. 
For  isotropic  turbulence,  each  flux  term  can  be  constructed  from  rotations  and 
reflections  of  4  basic  fluxes.  The  terms  Mdiofdz^  Mqu/q-  will 

be  used  to  denote  these  basic  fluxes,  which  are  integrals  of  ww,  uw,  dwjdz,  and 
du/dz  respectively  over  a  plane  of  dimension  A  x  A  oriented  in  the  z-direction 
and  located  at  the  boundaries  of  two  adjacent  volume  elements.  When  these 
fluxes  are  used  in  a  simulation,  there  may  be  cancellations  from  pairs  on  oppos¬ 
ing  faces;  for  this  reason,  error  measurements  are  presented  for  estimations  of 
fluxes  in  such  pairs. 

For  each  of  these  terms  M,  an  estimate  in  is  constructed  as  m  =  A-f 

estimation  coefficients  A,  B  and  C  are 
chosen  to  minimize  mean  square  of  the  error  e  =  M  —  m.  The  relative  error  is 
defined  as  the  mean  square  of  e  normalized  by  the  mean  square  of  M.  Table  1 
shows  the  relative  errors  for  the  different  estimates  of  the  flux  terms.  Interpre¬ 
tation  of  this  error  is  subtle,  since  it  includes  the  variance  of  the  actual  fluxes 
about  the  conditional  average,  as  well  as  an  error  in  estimating  the  conditional 
average.  Experience  with  Fourier  cutoff  filters  suggests  that  the  “error”  is  dom¬ 
inated  by  the  first  term,  which  is  not  really  an  error  at  all.  Results  presented 
here  are  for  global  estimates,  in  which  LES  velocity  data  from  everywhere  in 
the  domain  is  included.  Separations  in  the  quadratic  product  are  restricted  to 
|i  — j|  =  0  (local  quadratic)  and  |i— j|  <  1  (nonlocal  quadratic).  In  the  case  of 
a  fully  staggered  grid,  a  local  quadratic  estimate  was  not  computed.  Effects  of 
nonglobal  locality  are  being  investigated. 

Note  that  one  can  think  of  the  finite  volume  LES  filter  as  a  classic  tophat  filter 
followed  by  a  sampling  operation.  The  sampling  operation  introduces  a  filter 
inhomogeneity,  and  it  follows  that  the  continuity  equation  cannot  be  expressed 
solely  as  a  function  of  the  LES  state  variables.  In  standard  numerical  methods, 
the  pressure  term  is  chosen  to  ensure  that  the  velocity  field  is  divergence-free. 
For  finite-volume  LES,  there  will  be  an  error  in  performing  such  a  procedure.  We 
define  the  optimal  “divergence”  operator  as  the  one  that  minimizes  the  error  one 
would  commit  in  making  the  LES  field  “divergence-free” .  This  minimum  error 
is  shown  in  Figure  1.  It  is  clear  that  continuity  has  a  much  better  representation 
with  a  staggered  grid,  though  the  smallest  scales  still  incur  about  a  10%  error. 
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Figure  1:  Spectrum  of  error  one  would  commit  in  enforcing  an  optimal  continuity 
constraint,  normalized  by  the  spectral  magnitude  of  the  LES  velocity  field  for  a 
collocated  grid  ( - )  and  a  staggered  grid  ( - ) . 


3  Turbulent  Channel  Flow 


In  order  to  explore  the  properties  of  optimal  LES  in  a  wall-bounded  flow,  DNS 
data  by  Moser  et  al  [2]  was  Altered  in  the  streamwise  and  spanwise  directions 
using  sharp  Fourier  cutoff  filters.  No  filter  was  applied  in  the  wall-normal  direc¬ 
tion.  The  friction  Reynolds  number  Re,-  of  the  DNS  is  590  with  a  grid  resolution 
of  384  X  257  x  384.  The  filtered  grid  has  a  resolution  of  32  x  257  x  32  grid  points. 

Turbulent  channel  flow  differs  from  isotropic  turbulence  in  a  number  of  as¬ 
pects.  One  significant  difference  is  that  in  addition  to  being  wall-bounded,  chan¬ 
nel  flow  has  a  non-zero  mean.  As  a  result,  the  mean  model  term  Mi  is  not  zero. 
The  importance  of  the  mean  model  term  is  indicated  in  Figure  2a.  It  shows 
the  mean  Reynolds  shear  stress  of  the  DNS  and  the  subgrid  contribution  to  the 
mean  shear  stress.  For  values  of  >  100  the  subgrid  contribution  is  small 
(less  than  10%  of  the  total  mean  shear  stress).  However,  close  to  the  wall  the 
subgrid  contribution  to  the  mean  shear  stress  is  significantly  larger,  reaching  a 
peak  of  approximately  40%  at  y'^  =  25.  Thus,  in  order  for  the  LES  to  reproduce 
the  correct  flow  statistics,  it  is  crucial  to  predict  the  mean  component  of  the 
optimal  model  accurately.  From  the  requirement  to  minimize  the  r.m.s.  mor  we 
find  that  the  mean  component  of  the  optimal  model  has  to  be  equal  to  M  i ,  the 
mean  subgrid  force.  Consequently,  the  a  priori  error  in  the  model  will  be  due 
entirely  to  error  in  predicting  the  fluctuating  components  of  the  model  term. 

Generally,  since  we  don’t  have  the  exact  mean  model  term  available  when 
doing  an  LES,  we  need  to  approximate  the  mean  model  term  based  on  filtered 
velocity  information.  One  possible  approach  is  to  use  a  RANS  type  model  such  as 
a  k-e  model.  Figure  2b  shows  the  true  mean  model  term  and  its  approximations 
based  on  different  k-e  type  subgrid  models.  The  k-e  model  matches  the  actual 
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Figure  2:  Mean  model  term  of  the  turbulent  channel  flow:  {y  coordinate  is  in 
wall  units,  where  the  center  of  the  channel  is  at  =  587).  (a)  Mean  Reynolds 

stress  ( - )  and  the  subgrid  contribution  to  the  mean  Reynolds  stress  for  the 

given  choice  of  filter  ( - ).  (b)  Mean  model  term  ( - )  and  its  approxima¬ 
tions  using  a  k-e  model  ( - )  and  a  k-e-v^  model  ( - ). 

mean  model  term  very  closely  near  the  wall  up  to  y^  =  10.  However,  after 
reaching  its  peak,  it  falls  off  too  steeply  underpredicting  the  mean  model  term. 
The  k-c-r-'iP  model  [3]  does  not  predict  the  mean  as  well  as  the  k-e.  model  for 
small  (;/y+  <  10),  but  does  a  significantly  better  job  for  larger  7y+. 

4  Conclusions 

While  intial  work  with  optimal  LES  formulations  has  been  promising,  there  are  a 
variety  of  complications  that  must  be  addressed  before  any  practical  models  are 
presented.  This  paper  presents  a  sampling  of  such  complications.  In  the  finite 
volume  formulation  of  isotropic  turbulence,  it  is  shown  that  the  introduction  of 
a  realspace  numerical  method  introduces  error  into  the  viscous  terms  as  well  as 
the  continuity  equation,  though  such  errors  may  be  reduced  by  using  a  staggered 
grid.  Optimal  LES  of  turbulent  channel  flow  demostrates  the  need  for  accurate 
prediction  of  the  mean  model  component  in  order  to  correctly  reproduce  global 
statistics. 
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1  Introduction 

At  the  high  Re  of  practical  interest,  direct  numerical  simulations  (DNS)  can  not 
be  used  to  resolve  all  scales  of  motion,  and  subgrid  scale  (SGS)  modeling  becomes 
unavoidable  to  provide  a  mechanism  by  which  dissipation  of  kinetic  energy  at 
high  wavenumbers  can  occur.  The  Large  Eddy  Simulation  (LES)  approach  seeks 
to  resolve  most  of  the  entrainment-dominating  large-scale  structures  by  choosing 
the  cut-off  wavelength  within  the  inertial  subrange.  The  challenge  is  to  emulate 
the  fluid  dynamics  near  the  cut-off,  to  ensure  that  proper  interactions  between 
grid  scales  (OS’s)  and  SGS’s  are  accurately  simulated.  The  most  common  LES 
method  involves  low-pass  filtering  of  the  Navier-Stokes  equations  (NSE)  followed 
by  explicit  SGS  modeling  using  a  static  or  dynamic  Smagorinsky-type  model 
(SMG),  but  other  SGS  models  are  also  used,  e.g.  [3]  and  references  therein.  A 
recently  proposed  alternative  is  Monotonically  Integrated  LES  (MILES),  [1],  [4], 
which  is  the  main  subject  of  this  study. 


2  The  MILES  Model 

In  MILES,  the  discretization  effectively  filters  the  NSE  across  the  grid  using 
an  anisotropic  kernel.  The  functional  reconstruction  of  the  convective  fluxes 
is  performed  with  a  flux-limiting  method  combining  a  high-order  flux-function 
with  a  low-order  dispersion-free  flux-function  using  a  non-linear  flux-limiter  T. 
When  basing  MILES  on  concepts  such  as  the  FCT  algorithm  used  here,  the 
functional  reconstruction  of  viscous  and  SGS  fluxes  is  typically  performed  using 
linear  interpolation,  [4].  Similar  approaches  have  been  used  by  [8]  and  [6]  in¬ 
volving  upwind-biased  and  TVD  schemes,  respectively.  Physical  considerations 
motivating  the  MILES  approach  have  been  presented,  [1],  [4].  Formal  properties 
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of  MILES  were  recently  documented  using  databases  of  high  Re- number  free 
flows,  [4],  and  it  was  suggested  that  the  modified  equations  would  provide  the 
most  suitable  platform  for  comparing  LES  and  MILES.  For  the  incompressible 
NSE  the  modified  equations  arc, 

f  div  V  =  0  (1) 

\  di.(Y)  +  div(v  v)  =  -gradp  +  div(S  B) 

where  v  is  the  velocity,  p  the  pressure,  S  =  the  viscous  stress  tensoi,  and 
3  =  CL'/’  -I-  LC’^’  +  fFJjd  (S)  Ld  is  the  leading  order  truncation  error  that  acts 
as  the  implicit  SGS  model  with  C  =  /?(v  ®  d)  and  p  =  /3(r).  Because  of  the 
tensorial  nature  of  the  SGS  viscosity,  MILES  offers  an  attractive  alternative 
to  conventional  SGS  models  when  seeking  improved  LES  for  inhomogeneous 
flows.  The  insufficient  stress-strain  correlation  in  eddy-viscosity  models  has  been 
identified,  [2],  as  responsible  for  the  fact  that,  at  best,  we  can  expect  good 
approximations  to  the  turbulent  energy  dissipation,  but  not  to  the  SGS  stress 
in  the  context  of  this  type  of  models.  An  alternative  within  the  classical  LES 
formalism  is  to  use  an  SGS  Differential  Stress  Equation  Model  (DSEM). 


3  Fully  Developed  Turbulent  Channel  Flow 

Fully  developed  turbulent  channel  flow  at  a  target  Re-number  of  Re^  =  395,  for 
which  DNS  data  exists,  [7],  have  been  computed  with  SMG,  DSEM,  [5],  and 
MILES  in  a  channel  of  size  6h  x  21h  x  3/q  on  a  60'^  grid.  At  the  walls  no-shp 
conditions  arc  used  whilst  boundary  conditions  in  the  streamwisc  and  spanwise 
directions  arc  periodic,  and  the  flow  is  driven  by  a  constant  mass  flow.  In 
the  cross-stream  direction  the  grid  is  stretched,  using  geometrical  progression, 
so  that  =  1.0  for  the  first  near  wall  cell.  As  initial  conditions,  random 
finite-amplitude  perturbations  of  a  parabolic  velocity  profile  are  used.  Statistics 
are  obtained  after  the  simulations  have  reached  a  steady  state  identified  by 
approximate  similarity  of  first  and  second  order  statistical  moments  of  v,  after 
which  sampling  is  performed  for  an  additional  40/i./n-7-  time  units. 

Figure  1  presents  profiles  of  the  mean  streamwise  velocity  {vi)  and  the  cor¬ 
responding  rms-fiuctuations  Concerning  (uj),  only  minor  differences  be¬ 

tween  the  LES  models  c:an  be  observed  and  the  von  Karman-constant  can  be 
predicted  with  essentially  no  dependence  on  the  SGS  model.  For  the  agree¬ 
ment  between  LES  and  DNS  is  still  good,  although  variations  between  SGS  mod¬ 
els  am  beginning  to  appear.  Th(^  MILES  and  DSEM  models  give  very  similar 
profiles  -  overpredicting  the  peak  value  of  with  3%  and  underpredictiiig 

the  profiles  of  and  u.'j'"'’'  by  about  7%,  in  comparison  to  the  DNS  data. 

SMG  underpredicts  the  peak  value  of  with  5%  and  the  entire  profiles  of 
and  with  about  10%.  This  result  supports  many  previous  studies,  and 
indicates  that  SMG  is  too  diffusive,  especially  in  the  near-wall  region,  where  the 
flow  is  anisotropic.  Grid  refinement  gives  virtually  identical  results. 
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Figure  2  presents  a  perspective  view  of  the  flow  in  the  streamwise  direction 
from  MILES.  The  flow  in  the  near- wall  region  consists  of  recurrent  streamwise 
rolls  of  high  or  low-speed  fluid,  having  a  length  of  about  lOOO^rj  where  Sr  is 
the  viscous  length  scale,  a  radius  of  about  15Jx)  s-nd  a  streak  spacing  of  lOO^r- 
These  spanwise  structures  originate  in  a  layer  of  vorticity,  having  a  thickness  of 
about  lO^r  and  situated  at  a  distance  of  about  lOSr  from  the  wall.  Ejections 
of  low  speed  fluid  or  inrushes  of  high  speed  fluid  at  a  shallow  angle  towards  the 
wall  are  observed,  and  away  from  the  walls  all  organized  structures  disappear. 
The  high-speed  fluid  elements  are  inclined  with  respect  to  the  walls,  this  being 
a  consequence  of  the  action  of  the  shear  on  a  fluid  element  from  the  outer  layer 
moving  towards  the  lower  wall.  High  pressure  regions  occur  whenever  high-speed 
fluid  impacts  on  low-speed  fluid  forming  a  stagnation  point.  Most  low-pressure 
regions  are  elongated  and  concur  with  the  vortex  cores.  The  near- wall  region  is 
densely  populated  by  streamwise  or  cji -vortices,  having  an  upward  inclination 
that  increase  with  distance  from  the  wall.  In  the  near- wall  region  cui -vortices 
often  occur  individually,  although  sporadic  counter-rotating  vortex-pairs  may 
occur.  Comparing  visualizations  from  MILES,  DSEM,  and  SMG  suggests  that 
these  models  essentially  capture  the  same  physics.  Due  to  the  isotropic  nature  of 
the  SGS  viscosity  of  the  SMG  model,  processes  associated  with  mainly  spanwise 
topology  are  overly  damped,  resulting  in  weaker  spanwise  and  cross-stream  rrns 
velocity  fluctuations  and  lower  shear  stresses,  due  to  a  reduced  production  of 
small  scale  turbulent  kinetic  energy. 


4  Concluding  Remarks 

We  have  demonstrated  that  MILES  can  reproduce  (ui )  and  v  ■  almost  as  accu¬ 
rately  as  the  DSEM,  and  better  than  Smagorinsky-type  eddy  viscosity  models  in 
a  fully  developed  channel  flow.  We  argue  that  this  is  due  to  the  intrinsic  nature 
of  the  MILES  model  in  which  a  non-linear,  tensorial  viscosity- type  SGS  model 
is  built  into  the  algorithm.  From  the  simulations  we  conclude  that  SMG  under¬ 
predicts  by  about  10%  as  compared  to  the  experimental  data  whilst  both 
DSEM  and  MILES  give  better  agreement,  with  the  error  being  about  3%.  The 
issue  of  grid  non-uniformity  pertinent  to  implicit  and  explicit  SGS  modelling  has 
not  be  adreesed  in  this  study,  but  will  be  presented  elsewhere. 

This  research  is  performed  with  support  from  ONR,  through  the  NRL  6.1 
Computational  Physics  task  area  and  computer  time  is  provided  by  the  DoD- 
HPC-MP  program 
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Figure  1:  Fully  developed  turbulent  channel  flow  at  Rer  —  395  from  LES,  MILES 
and  DNS;  profiles  of  {vi)  (left)  and  (right,  on  the  top). 


Figure  2:  Volume  visualization  of  fully  developed  turbulent  channel  flow  at 
Re,.  =  395  based  on  MILES. 
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Abstract 

We  consider  the  filtered  scalar  advection-diffusion  equation.  An  infinite  series 
expansion  for  the  advection  term  was  found  for  closure.  By  retaining  only  the 
first  two  terms  in  the  expansion,  the  tensor-diffusivity  subgrid  model  is  obtained. 
In  order  to  avoid  problems  associated  with  the  negative  diffusion  of  the  model 
in  one  or  more  spatial  directions,  the  scalar  field  is  represented  as  a  sum  of 
anisotropic  Gaussian  particles.  Numerical  results  in  two  dimensions  will  be 
presented. 


1  Tensor-diffusivity  subgrid  model 

Consider  the  scalar  advection-diffusion  equation.  In  order  to  perform  numerical 
computations  for  small  values  of  the  diffusivity  k,  without  large  CPU  efforts,  a 
filtering  operation  is  used  to  obtain  an  equation  for  the  large  scale  structures  in 
which  the  effects  of  the  small  scales  have  to  be  modeled.  These  simulations  are 
known  as  large  eddy  simulations  (LES)  and  the  models  as  subgrid  models. 

Our  research  has  used  a  Gaussian  spatial  filter  with  a  characteristic  length 
scale  a.  In  order  to  close  the  filtered  equation,  an  infinite  series  expansion  was 
found  in  terms  of  known  variables[l,  3], 


where  a  hat  indicates  a  filtered  quantity,  u(x,t)  is  an  incompressible  velocity 
field,  and  the  (unknown)  scalar  function.  Einstein’s  summation  conven¬ 

tion  is  implied.  By  retaining  only  the  first  two  terms  in  the  expansion,  we  end 
up  with  the  filtered  advection-diffusion  equation  closed  by  the  tensor-diffusivity 


OO  -1/2 
n=0  ^ 


(9'^u 


dxi^  dxi^  . . .  dxi^^  dxi^  dx^  •  •  •  dxi 


(1) 
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subgrid  model, 


^+U-Vf  =  KV^$- 
at 


2  dxidxj  ’ 


(2) 


where  S  is  the  strain  rate  tensor.  The  extra  term  can  be  interpreted  as  an 

added  diffusivity  with  an  effective  diffusivity  — ^*^0’  which  depends  on  the 
spatial  direction.  It  is  straight  forward  to  show  that  this  model  is  material 
frame  indifferent  and  will  allow  for  backscatter. 

Since  trace(S)  =  V  •  u  =  0,  at  least  one  of  the  eigenvalues  of  the  strain 
rate  tensor  has  to  be  greater  than  zero  indicative  of  a  direction  wheie  the  sub¬ 
grid  model  acts  as  negative  diffusion.  Computations  using  a  finite  difteience  oi 
spectral  method  show  that  this  can  lead  to  growing  instabilities  in  the  scalar 
field. 


2  Lagrangian  particle  method 

On  occasion  mathematical  models  of  physical  processes  lead  to  ill-posedness 
requiring  some  kind  of  regularization.  Care  needs  to  be  taken  in  the  choice  of 
regularization,  since  the  results  can  depend  strongly  on  the  approach  used.  Our 
work  will  regularize  the  problem  of  negative  diffusion  in  the  stretching  directions 
by  decomposing  the  scalar  field  in  a  collection  of  Lagrangian  particles  each  of 
them  well-behaved  for  large  wave  numbers. 

Assume  the  scalar  function  can  be  written  as  a  collection  of  N  anisotropic 
Gaussian  particles. 


,,  .^a^ydS(Ml) . (  (x-Xk^lViax-XAOX 

where  each  particle  h  is  centered  at  xa,  and  d  is  the  spatial  dimension  of  the 
problem.  The  positive  definite  matrix  Ma-  gives  the  shape  of  each  particle. 

Equations  for  the  time  evolution  of  xa:  and  Ma  are  obtained  after  substituting 
(3)  in  (2),  expanding  each  term  in  a  series  of  Hermite  polynomials,  and  setting 
the  lowest  order  coefficients  equal  to  zero.  For  particle  k,  we  end  up  with 


dt  2 

rfMt  ^  ( 


(4a) 


dt 


vy + vu ma 


+  fVV^u  Ma  +  MaVV‘^u 
2  V 


AT 


(4b) 


Lagrangian  methods  for  the  tensor-diffusivity  subgrid  model 


601 


where  an  overline  indicates  a  weighted  average  over  anisotropic  particle  k.  To 
obtain  realistic  results,  we  need  to  choose  the  core  size  6^  larger  than  or  equal 
to  the  filtering  constant  a.  Core  sizes  smaller  than  a  can  lead  to  growing  insta¬ 
bilities  and  do  not  correspond  to  a  physically  realizable  unfiltered  field. 


(c)  tensor-diffusivity  model  (d)  Smagorinsky  model 


Figure  1:  Scalar  contour  lines  (0.0001,  0.001,  0.01,  0.1,  and  0.3)  at  t  —  9. 


Our  scheme  solves  the  diffusion  term  exactly  (core-expansion  method),  which 
necessitates  the  implementation  of  a  particle  splitting  or  remeshing  scheme  to 
obtain  accurate  results  [2,  5].  A  novel  remeshing  scheme  has  been  implemented 
making  use  of  the  properties  of  the  particle  method.  The  new  particles  are  as¬ 
sumed  to  be  all  identical,  axisymmetric,  and  spread  out  on  a  regular  equidistant 
mesh.  A  least  square  error  method  is  used  to  obtain  explicit  expressions  for  the 
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unknown  amplitudes.  Numerical  experiments  show  good  agreement  between  the 
scalar  fields  before  and  after  the  remeshing  operation,  while  keeping  the  number 
of  total  particles  reasonably  small  as  well. 


3  Numerical  results 

The  two-dimensional  incompressible  velocity  field  with  a  time-dependent  per¬ 
turbation, 

u\  _  f  sm{x)sm{y) 
vj  ~  \^cos(.t)  cos{y)  -I-  0.5  sm{t) 

has  been  used  to  test  different  aspects  of  the  subgrid  model  and  the  numerical 
implementation.  A  Gaussian  exponential  located  initially  at  (0.3,  —0.4)  with 
core  size  0.5  was  used  as  an  initial  condition.  The  diffusivity  was  set  equal  to 
K  —  0.001  and  the  filtering  constant  cr  =  0.15.  In  order  to  assess  the  accuracy  of 
the  model,  a  filtered  DNS  solution  has  been  computed,  which  is  given  in  figure 
1(a)  at  ^  =  9. 

The  initial  Gaussian  has  been  approximated  by  6504  anisotropic  particles.  In 
absence  of  any  subgrid  model,  the  result  is  given  in  figure  1(b).  When  the  tensor- 
diffusivity  model  is  used,  the  solution  tracks  the  filtered  DNS  solution  very  well 
as  shown  in  figure  1(c).  This  solution  was  remeshed  every  time  unit.  Without 
remeshing,  the  solution  will  break  down  after  i  =  3.  To  assess  the  efficiency  of 
this  model,  the  results  using  a  Smagorinsky  subgrid  model  {Cg  =  0.20)  are  given 
in  figure  1(d). 

Work  is  currently  underway  to  implement  the  model  and  particle  method  in  a 
forced  turbulence  code  to  study  the  effects  of  mixing  for  high  Schmidt  numbers. 
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1  Introduction 

The  complex  interactions  existing  between  turbulence  and  mixing  in  a  bluff- 
body  stabilised  flame  configuration  is  investigated  by  means  of  a  wavelet  cross¬ 
correlation  analysis  on  Large  Eddy  Simulations.  The  combined  approach  allows 
to  better  point  out  typical  features  of  unsteady  turbulent  flows  with  mixing 
through  the  characterisation  of  the  processes  involved  both  in  time  and  scales. 
The  wavelet  cross-correlation  analysis  of  the  time  signals  of  velocity  and  mixture 
fraction  fluctuations  can  be  an  an  effective  tool  to  study  the  processes  involved 
in  turbulent  mixing  flows  which  are  of  great  interest  in  combustion  problems. 


2  Generalities  on  wavelet  cross-correlation 

The  continuous  wavelet  transform  of  a  function  f(t)  is  defined  as  the  convolution 
between  /  and  a  dilated  function  'll;  called  wavelet  mother: 

1  c+°o  f  —  r 

W,{a,r)  =  ~y.  f{t)ri - ]dt,  (1) 

where  a  is  the  dilation  parameter,  which  plays  the  same  role  as  the  frequency 
in  Fourier  analysis,  and  r  indicates  the  translation  parameter  corresponding  to 
the  position  of  the  wavelet  in  the  physical  space.  In  the  present  study  we  use 
the  complex  Morlet  wavelet  (V^(f)  =  as  wavelet  mother. 

Let  T4^/(a,  r)  and  Wg{a,  r)  be  the  continuous  wavelet  transforms  of  f{t)  and  g{t). 
We  define  the  wavelet  cross- scalogram  as 

=  ^^^f{o,T)Wg[a,T),  (2) 
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where  the  symbol  *  indicates  the  complex  conjugate.  When  the  wavelet  mother 
is  complex,  the  wavelet  cross-scalogram  r)  is  also  complex  and  can  be 

written  in  terms  of  its  real  and  imaginary  parts: 

Wfg{a,  t)  =  CoWfg(a,  r)  -  iQuadW fg{a,  r).  (3) 

It  can  be  shown  that  the  following  equation  holds  if  f{t),g{t)  G 


f{t)g{t)dt  =  l/c^ 


+  00  /•  +  00 


CoWfg{a,T)dTda, 


where  l/c,/,  is  a  constant  depending  on  the  choice  of  the  wavelet  mother. 

3  Cross  wavelet  coherence  functions 

The  highly  redundant  information  from  a  multiscale  wavelet  analysis  of  time 
series  must  be  reduced  by  means  of  suitable  selective  procedures  and  quantities, 
in  order  to  extract  the  main  features  correlated  to  an  essentially  intermittent 
dynamics.  In  this  study,  we  analysed  and  compared  the  properties  of  two  com¬ 
plementary  wavelet  local  correlation  coefficents  which  are  able  to  well  evidence 
peculiar  and  anomalous  local  events  associated  to  the  vortex  dynamics.  More 
precisely,  given  two  signals  f{t)  and  g{t),  we  refer  to  the  so-called  Wavelet  Local 
Correlation  Coefficent  (Buresti  et.  al  [1]),  defined  as: 

WLCC{a,T)  =  m// — Ti- 

I  W/{a,T)  II  W^{a,T)  I 

This  quantity  is  essentially  a  measure  of  the  phase  coherence  of  the  signals.  Here 
we  introduce  the  Cross  Wavelet  Coherence  Function  (CWCF)  defined  as: 

CWCFia,r)^^Wria,l)vl\Za:rW 

which  is  essentially  a  measure  of  the  intensity  coherence  of  the  signals.  Using 
the  polar  coordinates  we  can  write  the  wavelet  transforms  of  TU/(a,r),  TU^(a,  r) 
and  Wfg{a,T)  as: 

Wf{a,r)  =  pfe'”!  W,{a,T)  =  (7) 

Ws,(a,r)=P!P,e'^0’-<>‘\  (8) 

and  the  Cross  Wavelet  Coherence  Function  can  be  written  also  as: 

CWCF(a,r)  =  ^f^,.  (9) 

Pf  +  P,j 

It  is  easy  to  observe  the  two  basic  properties  of  tlie  function  (6): 

CWCF{a,  t)  =  0=^  Pf  =  0  or  pj  =  0  (10) 

0<CWCF<1  y  a,T.  (11) 


CWCF{a,T)  = 
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4  Numerical  simulation 

We  considered  a  laboratory-scale  axisymmetric  flame  of  methane-air  in  a  non 
confined  bluff-body  configuration.  More  precisely,  the  burner  consists  of  a  5.4 
mm  diameter  methane  jet  located  in  the  center  of  a  50  mm  diameter  cylinder. 
Air  is  supplied  through  a  100  mm  outer  diameter  coaxial  jet  around  the  50  mm 
diameter  bluff-body.  The  Reynolds  number  of  the  central  jet  is  7000  (methane 
velocity  =21  m/s)  whereas  the  Reynolds  number  of  the  coaxial  jet  is  80000  (air 
velocity  =25  m/s).  This  is  a  challenging  test  case  for  all  the  turbulence  models, 
as  well  documented  in  the  ERCOFTAC  report  (Chatou,  1994)  [2].  Moreover,  due 
to  the  highly  intermittent,  unsteady  dynamics  involved  and  the  high  turbulence 
level,  especially  for  the  reactive  case,  the  Large  Eddy  Simulation  (LES)  appears 
as  the  most  adequate  numerical  approach  (Sello  et.  al  [3]). 


5  Results  and  discussion 

In  this  analysis  we  are  mainly  interested  to  relations  existing  between  evolution 
of  turbulence  and  mixing,  for  the  reactive  case.  Previous  DNS  simulations  on 
coaxial  jets  at  different  Reynolds  numbers,  show  the  ability  of  the  wavelet  cross¬ 
correlation  analysis  to  better  investigate  the  relations  between  mixing  process 
and  the  dynamics  of  vorticity  (Salvetti  et.  al  [4]).  Thus,  the  signals  analysed  here 
are  velocity  fluctuations  (for  Reynolds  stress  contributions)  and  mixture  fraction 
fluctuations  (for  mixing  evolution)  from  LES.  As  an  example,  Figure  1  shows  the 
wavelet  co-spectrum  maps  for  a  significant  time  interval  in  the  pseudo-stationary 
regime  of  motion.  The  main  contributions  to  the  Reynolds  stress  are  evidenced 
by  high  intensity  correlations  (red)  and  anti- correlations  (blue)  regions,  which 
evolve  intermittently.  The  dominant  frequencies  involved  are  located  around 
130  Hz.  For  the  mechanisms  responsable  of  the  evolution  of  mixing,  we  note 
that  the  same  regions  of  high  Reynolds  stress  correspond  to  high  correlation, 
or  cooperation,  between  velocity  and  mixture  fraction  fluctuations,  suggesting 
that,  at  the  selected  location,  the  same  events  of  stretching  and  tilting  of  the 
vorticity  layer,  drive  both  Reynolds  stress  and  mixing  evolutions.  Note  that  the 
large  high  value  region  located  at  low  frequencies  in  the  right  map  is  statistically 
not  significant  if  we  assume  a  proper  red  noise  background  spectrum.  To  better 
investigate  the  role  of  the  high  correlation  regions,  we  performed  a  cross  section 
in  the  wavelet  map  at  the  frequency  160  Hz.  Figure  2  (left)  shows  the  time 
behaviour  of  the  coherence  functions  WLCC,  eq.(5),  and  CWCF,  eq.(6).  Here 
the  phase  and  intensity  coherence  of  signals  are  almost  equivalent,  but  we  can 
clearly  point  out  an  important  anomalous  event  occurred  at  around  t=0.19  s, 
corresponding  to  a  loss  of  both  intensity  and  phase  coherence,  followed  by  a 
change  of  the  correlation  sign.  The  link  between  this  event  and  the  dynamics 
of  vorticity  is  evidenced  by  Figure  2  (right),  which  displays  the  wavelet  map  of 
the  related  vorticity  signal.  The  higher  frequency  significant  regions  («  730  Hz) 
result  strongly  intermittent,  with  a  bifurcation  to  lower  and  higher  values  than 
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average,  followed  by  a  drop  of  activity,  in  phase  with  the  anomalous  event. 


Figure  1:  Cross- Wavelet  co-spectrum  maps  for  axial  and  radial  velocity  fluctu¬ 
ations  (left)  and  for  axial  velocity  and  mixture  fraction  fluctuations  (right)  at  a 
given  spatial  point  near  the  edge  of  the  central  jet. 


Figure  2:  Coherence  functions  for  axial  velocity  and  mixture  fraction  fluctuations 
(left)  and  wavelet  map  of  vorticity  time  series  (right) . 

These  few  examples  support  the  usefulness  of  the  cross-wavelet  analysis  ap¬ 
proach  to  better  investigate  turbulent  mixing  processes  in  real  systems. 
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1  Introduction 

The  flow  that  is  produced  in  a  cylindrical  container  by  a  rotating  endwall  has 
been  the  subject  of  many  studies,  as  it  provides  a  convenient  prototype  for  indus¬ 
trial  and  geophysical  swirling  flows.  Much  attention  has  been  paid  to  aspects  of 
vortex  breakdown  and  stability  at  Reynolds  numbers  up  to  the  onset  of  chaotic 
behaviour,  rather  less  attention  to  describing  the  characteristics  of  the  flow  after 
the  onset  of  turbulence. 

Some  recent  studies  of  rotating  flows  in  low  aspect  ratio  cylindrical  contain¬ 
ers  with  differential  endwall  rotation  have  indicated  the  presence  of  sidewall 
boundary  layer  instabilities.  In  physical  experiments  with  a  rotating  cylindrical 
tank  and  Kalliroscope  (micro-platelet)  flow  visualisation,  Hart  &  Kittelman  [1] 
described  and  suggested  possible  mechanisms  for  a  number  of  sidewall  instabil¬ 
ities  that  appeared  as  the  differential  endwall  co-rotation  rate  was  raised.  If 
the  endwall  rotates  more  slowly  than  the  container,  or  counter-rotates  slowly, 
the  sidewall  boundary  layer  flow  is  centrifugally  stable.  Lopez  [2],  using  un¬ 
steady  axisymmetric  simulations  of  rotating  tank  flows  with  differential  endwall 
rotation,  also  observed  sidewall  boundary  layer  instabilities  that  appear  to  prop¬ 
agate  axially  along  the  path  where  the  axial  velocity  has  a  near-wall  extremum. 
His  simulation  results  show  that  the  wall-normal  profile  of  the  axial  velocity  is 
inflectional. 

Here,  we  study  flows  in  a  stationary  cylindrical  cavity  with  a  rotating  end- 
wall,  and  find  that  sidewall  boundary  layer  instabilities  again  arise.  The  work 
presented  is  for  a  cavity  of  height: radius  ratio  H(R  =  1,  with  a  Reynolds  num¬ 
ber  Re  =  =  2.5  x  10^.  The  aspect  ratio  was  chosen  so  that  flows  with 

vortex  breakdowns  on  the  cylinder  axis  would  not  be  observed  [3].  The  observed 
instabilities  take  the  form  of  localised  flow  separations,  with  the  line  of  separa¬ 
tion  aligned  with  the  near- wall  streamlines.  For  the  parameters  in  the  present 
work,  ten  separation  vortices  are  observed,  and  these  structures  move  with  a 
slow  prograde  rotation  around  the  cylinder  sidewall. 


607 


608 


H.  M.  Bhickburn 


b 


Figure  1:  A  comparison  of  computed  ( — )  and  measured  (•)  time-mean  flow  at 
cylinder  mid-height;  a:  azimuthal  velocity,  b:  axial  velocity.  The  peak  axial 
velocity  o^v/RQ>  =  0.059  occurs  at  r/R  =  0.975. 


2  Numerical  and  experimental  techniques 

Numerical  simulations  have  been  carried  out  using  a  spectral  element-Fourier 
method,  similar  to  that  developed  by  Tomboulides  [4].  A  mesh  of  100  spectral 
elements  was  used  to  discretise  the  geometry  in  meridional  planes,  with  Fourier 
expansions  in  the  azimuthal  direction.  After  axisymmetric  flow  was  fully  devel¬ 
oped,  a  small  random  perturbation  was  added  to  the  fundamental  Fourier  mode, 
and  the  flow  evolved  until  a  statistically  steady  state  was  reached.  As  a  check 
of  azimuthal  resolution,  it  was  verified  that  the  primary  spectral  statistics  were 
very  similar  for  both  96  and  128  planes  of  data  in  the  azimuth. 

Flow  visualisation  and  LDV  measurements  of  time-mean  flow  were  obtained 
in  a  corresponding  experimental  apparatus  with  R,  =  70  mm  and  with  water  as 
the  working  fluid.  Visualisation  was  carried  out  using  a  low  concentration  of 
Kalliroscope  platelets,  while  velocity  measurements  were  obtained  in  pure  water 
with  a  TSI  900-3  two-component  system,  traversed  by  a  GMFanuc- Robotics  S-10 
industrial  robot. 


3  Results 

A  comparison  of  measured  and  computed  time-mean  velocity  profiles  at  cylinder 
mid-height  is  presented  in  figure  1.  The  near- wall  LDV  measurements  are  un¬ 
reliable,  owing  to  a  lack  of  spatial  resolution,  and  have  been  omitted.  A  feature 
apparent  in  the  velocity  profiles  is  the  presence  of  a  cylindrical  wall  jet,  which 
results  from  the  diversion  of  the  boundary  layer  formed  on  the  rotating  endwall. 
This  jet  flow  is  strongest  and  sharpest  near  the  rotating  endwall,  and  becomes 
weaker  and  more  diffuse  near  the  stationary  endwall.  It  may  be  noted  that  the 
profiles  for  both  velocity  components  are  inflectional. 
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Figure  2:  Spectrum  of  azimuthal  modal  energiOvS. 


Figure  2  shows  the  azimuthal  energy  spectrum,  revealing  significant  energy 
in  the  10th  mode  and  its  harmonics.  The  energy  in  each  azimuthal  Fourier  mode 
k  is  given  by 

■Et  =  Uk  ■  itl  r  d/1, 

where  A  is  the  area  of  the  two-dimensional  meridional  semi-plane,  p  is  fluid 
density,  r  is  distance  from  the  axis  and  ul  denotes  the  complex  conjugate  of  the 
velocity  data  in  the  kth  Fourier  mode.  Energy  of  the  axisymmetric  base  flow  is 
represented  by  Eq. 

A  view  of  instantaneous  contours  of  axial  velocity  on  near-wall  surfaces  is 
shown  in  figure  3.  This  reveals  the  presence  of  near-wall  vortical  structures  that 
are  approximately  aligned  with  the  time-mean  streamlines  close  to  the  cylindrical 
wail  (i.e.  with  the  wall  traction  field).  From  the  view  it  can  be  inferred  that 
ten  of  these  structures  exist  on  an  azimuthal  traverse,  in  agreement  with  the 
spectrum  of  figure  2.  The  structures  have  an  approximately  helical  shape,  and 
a  slow  prograde  rotation  (with  the  same  sense  as  the  rotation  of  the  endwall), 
at  an  angular  velocity  cu/Fl  ~  0.09.  Each  structure  is  associated  with  a  local 
flow  separation,  producing  reversed  axial  flow  near  the  wall.  The  structures  are 
not  apparent  at  the  end  of  the  cavity  near  the  rotating  endwall.  The  strongest 
reversed  flow  is  also  the  site  of  the  highest  axial-azimuthal  Reynolds  stress, 
which  peaks  at  r/R  ~  0.95,  zjH  ~  0.5.  Examination  of  the  time-mean  flow  also 
reveals  a  small  separation  zone  around  the  junction  of  the  stationary  side  and 
endwall. 


4  Discussion  and  conclusions 

This  study  of  transitional  flow  in  a  cylindrical  cavity  notes  the  presence  of  side- 
wall  boundary  layer  instabilities  that  give  rise  to  local  flow  separation.  It  appears 


610 


H.  M.  Blackburn 


Figure  3:  Instantaneous  contours  of  axial  velocity  on  near- wall  surfaces.  Rotat¬ 
ing  end  wall  is  at  bottom. 

that  the  instability  is  associated  with  the  presence  of  a  boundary  layer  with  in¬ 
flectional  profile,  produced  by  the  wall-jet  type  flow  originating  on  the  rotating 
endwall.  The  boundary  layer  structures  are  aligned  with  the  wall  traction  field, 
and  have  the  appearance  of  an  array  of  helices  that  has  a  slow  prograde  rotation. 

Experimental  flow  visualisation  studies  conducted  over  a  range  of  Reynolds 
numbers  and  cylinder  aspect  ratios  suggest  that  the  near-wall  vortical  structures 
with  local  separation  are  a  characteristic  feature  for  this  flow— they  maintain 
alignment  with  the  wall  traction  field,  but  become  smaller  and  more  numerous 
as  the  Reynolds  number  increases,  indicating  law-of-the-wall  scaling. 
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1  Introduction 

Large  attention  has  been  devoted  to  thermal  convection  in  the  last  decade  ow¬ 
ing  to  the  advances  in  nonlinear  dynamics  and  turbulence  provided  by  this  flow. 
This  was  shown  recently  in  experiments  by  Castaing  et  al  (1989),  Cioni,  Cilib- 
erto  and  Sommeria  (1997),  Chavanne  et  al  (1996)  and  Niemela  et  al  (2000) 
(among  many  others).  The  achievement  of  strongly  turbulent  conditions  re¬ 
quires  the  experiments  to  be  carried  out  in  critical  situations  such  as  the  use  of 
liquid  metals  (mercury  or  sodium)  or  gasses  at  criogenic  temperatures  (helium 
at  5K).  These  circumstances,  combined  with  the  intrinsic  difficulties  of  taking 
velocity  measurement  in  thermal  convection  make  very  hard  the  experimental 
study  of  the  phenomena.  Within  this  scenario  it  is  clear  that  the  numerical 
simulations  can  be  very  helpful  in  the  interpretation  of  the  flow  physics  since 
quantitative  measurements  can  be  easily  obtained  of  virtually  any  quantity  and 
the  hypotheses  underlying  theoretical  models  can  be  directly  checked.  This  is 
particularly  true  thanks  to  the  increasing  power  of  computers  and  to  the  avail¬ 
ability  of  parallel  architectures  that  allow  for  numerical  simulations  at  Rayleigh 
numbers  comparable  with  those  of  experiments. 

On  account  of  the  previous  arguments,  in  this  study  we  analyse  by  direct 
numerical  simulation  the  convective  turbulence  generated  in  gaseous  helium 
(Prandtl  ~  0.7)  in  a  small  aspect  ratio  cylindrical  cell  (diameter-to~height  ratio 
0.5)  heated  from  below  and  cooled  from  above,  for  Rayleigh  numbers  ranging 
from  2  •  10^  <  jRa  <  2  •  10^  h  The  flow  conditions  have  been  selected  in  such 
a  way  to  replicate  the  experiments  carried  out  in  Grenoble  by  the  group  of  B. 
Castaing  and  that  by  Niemela  et  al  (2000).  The  aim  of  this  study  is  twofold: 
to  validate  our  results  by  a  comparison  with  the  experiments  and  to  perform 
those  analyses  which  are  impossible  in  laboratory  experiments. 
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2  Problem  and  Computational  Set-up 

In  this  paper  we  study  the  flow  generated  by  thermal  convection  processes  in  a 
set-up  which  is  identical  to  the  experimental  set-up  by  Chavanne  et  al.  (1996) 
and  Niemela  et  al.  (2000).  The  fluid  is  conflned  in  a  cylindrical  cell;  let  d  be 
the  diameter  of  the  cell  and  h  the  distance  between  the  lower  hot  and  upper  cold 
horizontal  plates,  the  aspect  ratio  of  the  cell  F  =  d/Ji  is  0.5  for  all  the  simulations. 
The  gravity  vector  points  downwards  and  is  orthogonal  to  the  upper  and  lower 
plates  which  are  maintained  at  constant  temperature.  The  lateral  wall  of  the  cell 
is  adiabatic  with  the  condition  of  zero  heat  flux.  All  the  boundaries  are  no-slip. 

The  three-dimensional  time-dependent  Navier-Stokes  equations  with  the 
Boussinesq  approximation  for  an  incompressible  viscous  fluid  have  been  inte¬ 
grated  numerically.  The  equations,  in  a  cylindrical  coordinate  system  in  terms  of 
primitive  variables  (velocity  and  pressure),  have  been  discretized  using  second- 
order-accurate  flnite-difterence  approximations  in  space  and  in  time.  The  so¬ 
lution  procedure  is  that  of  Verzicco  &:  Orlandi  (1996)  with  the  modifications 
described  in  Verzicco  &  Camussi  (1997).  Here  it  is  enough  to  note  that  the 
system  of  discretized  equations  is  solved  by  a  fractional-step  method  and  the 
advancement  in  time  is  performed  by  a  third-order  R.unge-Kutta  scheme. 

The  resolution  requirements  induced  us  to  use  a  non-uniform  mesh  in  the 
radial  and  vertical  directions  with  the  gridpoints  slightly  clustered  close  to  the 
boundaries.  Grids  ranging  from  65  x  49  x  129  up  to  193  x  129  x  513,  respectively, 
in  the  azimuthal,  radial  and  axial  directions  were  used  and  the  mesh  size  was 
determined  by  the  necessity  of  having  the  computational  cell  smaller  than  the 
kolmogorov  scale  at  the  centre  of  the  cell  and  at  the  same  time  to  have  8-10 
gridpoints  inside  each  thermal  boundary  layer. 

As  additional  diagnostics  we  have  placed  inside  the  cell  about  400  numeri¬ 
cal  probes  (therefore  not  intrusive)  by  which  we  sampled  in  time  temperature, 
pressure  and  all  velocity  and  vorticity  components.  These  data  have  been  used 
to  perform  statistical  analyses  on  quantities  which  can  not  be  achieved  by  ex¬ 
periments. 


3  Results  and  Discussion 

As  mentioned  in  the  introduction  the  high  computational  cost  of  an  unsteady 
three-dimensional  direct  numerical  simulation  is  made  up  by  the  possibility 
of  performing  analyses  which  are  virtually  impossible  in  experiments.  Among 
many,  the  most  intuitive  is  the  possibility  of  visualizing  instantaneous  sections  of 
the  flow  in  order  to  have  a  look  at  the  flow  structures  inside  the  cell.  In  figure  1 
we  report  vertical  and  horizontal  sections  of  the  temperature  which  evidence  the 
presence  of  a  cold  descending  current  on  the  right  and  the  hot  rising  counterpart 
on  the  left.  This  is  confirmed  also  by  the  contours  of  vertical  velocity  showing- 
separate  positive  and  negative  regions  according  to  the  temperature  distribution. 

The  above  flow  maps  indicate  the  presence  of  a  large  scale  recirculation  that  is 
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persistent  during  the  flow  evolution  and  dominates  the  flow  dynamics,  similarly 
to  what  observed  in  F  =  1  aspect-ratio  cells  by  Verzicco  &  Camussi  (1999). 
This  large-scale  flow  can  be  quite  effective  in  the  heat  transfer  since  the  “winds” 
sweeping  the  horizontal  plates  exchange  heat  inside  the  thermal  boundary  layers 
and  this  heat  is  transferred  between  the  plates  by  the  vertical  currents.  The 
non-dimensional  heat  transfer  (Nu)  as  function  the  Rayleigh  number  is  shown 
in  the  first  panel  of  figure  2  together  with  some  experimental  results.  The  first 
point  is  that  the  data  are  on  a  power  law  with  exponent  1/3  which  is  definitely 
different  from  the  value  2/7  commonly  accepted  for  moderate  and  high  Prandtl 
fluids.  The  second  point  is  that,  although  the  agreement  with  the  experiments  is 
generally  good,  there  are  small  deviations  with  respect  to  the  data  of  Chavanne 
et  al.  (1996).  Those  authors  ascribed  the  deviation  from  the  power  law  to  the 
onset  of  a  transition  which  should  lead  to  the  asymptotic  regime  predicted  by 
Kraicknan  (1962),  This  disagrees  with  the  findings  of  Niemela  et  al  (2000) 
which,  instead,  found  a  unique  power  law  all  the  way  up  to  Ra  =  10^"^  without 
appreciable  deviations. 


Figure  1:  Instantaneous  snapshots  of  temperature  in  a  vertical  plane  through  the 
diameter  (left)  and  in  a  horizonthal  plane  midway  between  the  plates  (centre)-, 

AT  =  5  •  10-\ - 0  <  T  <  0.5, .  0.5  >  T  >  1, - T  =  0.5.  (right) 

the  same  as  (centre)  but  for  the  vertical  velocity  component;  Au  =  ±0.05, 
- 0  <  u  <  0.55, .  -0.55  <  u  <  0., - u  =  0.  Pr  =  0.7,  Ra  =  2- 10^°. 

Several  numerical  probes  have  been  placed  inside  the  flow  in  order  to  com¬ 
pute  the  statistics  of  the  fluctuating  quantities.  The  results  for  the  velocity  and 
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temperatyiire  halfway  between  the  plates  and  close  to  the  axis  are  shown  in  figure 
2.  Both  spectra  show  about  two  decades  of  power  law  range  but  while  the  veloc¬ 
ity  follows  the  classical  Kolmogorov  scaling,  the  temperature  behaves  according 
to  the  Bolgiano  prediction.  This  might  appear  very  surprising,  however,  a  direct 
computation  of  the  Bolgiano  and  integral  scales  has  shown  that  at  the  centre  of 
the  cell  the  latter  is  equal  to  the  former  thus  explaining  the  velocity  spectrum. 
In  contrast,  given  the  small  value  of  the  temperature  variance  dissipation,  the 
integral  scale  for  the  temperature  variance  is  bigger  than  the  Bolgiano’s  length 
scale  and  the  temperature  behaves  accordingly. 


Figure  2:  left  Nu  vs  Ra  relation,  - experimental  results  by  Chavanne  et 

al  (1996),  .  experimental  results  by  Niemela  et  al  (2000),  symbols 

present  results,  centre  Spectrum  of  temperature  at  the  cell  centre  and  Ra  = 
2  .  _ -I A  slope,  .  -1.6  slope,  right  the  same  as  (b)  for  the 

velocity - —1.6  slope, .  —1.4  slope. 
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1  Introduction 

Fluid  flows  are  very  often  governed  by  the  dynamics  of  a  small  number  of  co¬ 
herent  structures,  i.e.,  fluid  features  which  keep  their  individuality  during  the 
evolution  of  the  flow.  The  purpose  of  this  paper  is  to  study  low-order  simulations 
of  the  Navier-Stokes  equations  for  separated  incompressible  turbulent  flows,  on 
the  basis  of  the  evolution  of  such  coherent  structures.  One  way  to  extract  from 
flow  simulations  some  basis  functions  which  can  be  interpreted  as  coherent  struc¬ 
tures  is  Proper  Orthogonal  Decomposition  (POD).  Then,  by  means  of  a  Galerkin 
projection  [1],  it  is  possible  to  find  the  system  of  ODEs  which  approximates  the 
problem  in  the  finite  dimensional  space  spanned  by  the  POD  basis  functions. 

It  is  found  that  the  low-order  modeling  of  relatively  complex  flow  simulations, 
such  as  the  vortex  sheddings  from  a  square  cylinder  and  from  a  backward  fac¬ 
ing  step  (which  are  two  examples  of  respectively  2D  and  3D  separated  flows 
behind  an  obstacle),  provides  good  qualitative  results  compared  with  reference 
computation. 


2  Theory 


POD  consists  of  searching  for  the  preferred  modes  0(.t)  of  a  flow,  that  is  -in 
some  average  sense-  as  similar  as  possible  to  a  set  of  realizations  u{x,ti)  of  the 
flow.  Mathematically,  this  problem  can  be  written  : 


,0) 


(1) 


where  (  ,  )  is  related  to  a  scalar  product,  and  <  ,  >  to  a  statistical  average. 
Here  we  use  the  Snaphot  approach  of  POD,  first  introduced  by  Sirovich  [2],  to 
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solve  equation  (1)  :  the  preferred  modes  are  thus  found  to  be  an  infinite  discrete 
set  of  orthogonal  functions  defining  a  basis  for  the  flow  field 

u.  Each  realization  u{x,ti)  can  then  be  decomposed  using  the  deterministic 
functions  in  the  following  way  : 

+  0O 

n=l 

where  the  coefficients  projections  of  u  onto  are  calculated  by  using  : 

=  (3) 

In  order  to  derive  a  low-order  model  of  the  flow,  by  used  of  a  POD  basis,  we 
first  consider  the  Navier-Stokes  equations  for  incompressible  flows  that  can  be 
written  symbolically  as  : 

£  =  nu)  (4) 

where  F  is  a  differential  operator.  An  essential  property  of  POD  is  that  this 
decomposition  is  optimal  in  term  of  energy  :  this  allows  us  to  truncate  the  POD 
basis  at  a  limited  number  of  modes  :  Npoo^  function  of  the  rate  of  energy 
captured  desired.  The  decomposition  (2)  is  then  introduced  into  (4)  and  by  use 
of  a  Galerkin  projection  [1]  onto  the  truncated  POD  basis,  we  end  up  with  a 
dynamical  system  of  ODEs  constituing  the  low-order  model  of  the  flow  : 

=  n  =  l,...,NpoD  (5) 

at 

where  the  are  given  by  : 

jrM  ^  (^(»)_ir(„))  =  (,/,(>», (3;)))  n  =  1,...,Npod  (6) 

m 

In  this  study,  the  data  set  of  realizations  available  to  compute  the  POD  basis 
functions  have  been  obtained  by  carrying  out  a  DNS  of  the  flow  around  the 
square  cylinder  and  a  LES  of  the  flow  over  the  backward  facing  step.  The 
simulations  were  performed  using  a  second-order  accurate  on  both  space  and 
time  numerical  methods. 


3  Square  Cylinder  {Re  =  100) 

The  ensemble  of  realizations  consists  of  400  equally  spaced  time  steps  within  one 
time-period  of  the  lift  coefficient.  Two  dynamical  systems  are  derived,  one  from 
the  pressure- velocity  formulation  of  the  Navier-Stokes  equation  (the  pressure 
term,  which  cannot  be  expressed  using  POD-modes,  is  neglected),  and  another 
from  the  vorticity  transport  equation.  Subsequently,  the  predicted  cofficients 
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will  be  respectivly  noted  apredl  and  apred2  and  the  projected  coefficients  aproj. 

Figure  1  shows  the  energy  contained  by  each  mode  :  most  of  the  fluctating 
energy  is  captured  by  the  first  two  modes  alone,  and  if  eight  modes  are  taken, 
the  remaining  energy  accounts  for  less  than  0.1%  of  the  unsteadiness.  Fig.2 
illustrates  for  the  first  two  modes  and  that  POD-modes  occur  in  pairs 
of  almost  equal  energy,  the  corresponding  coherent  structures  being  phase-shifted 
in  space  and  time.  In  Fig.3,  predicted  and  projected  coefficients  are  compared  : 
the  dynamical  systems  are  truncated  at  Npqd  ~  8.  Clearly,  the  low-order 
model  derived  from  the  vorticity  transport  equation  gives  better  and  more  stable 
results  :  this  demonstrates  that  the  pressure  term  cannot  be  easily  neglected  in 
this  case.  Netherthless,  if  the  integrated  time  histories  for  the  first  modes  match 
the  observed  results  extremely  well,  the  amplitudes  and  phases  of  the  higher 
modes  are  less  accurately  predicted. 


Fig.2  :  Contour  lines  of  the  streamwise  velocity  for  and 

corresponding  projected  coefficients. 


Fig.3  :  Projected  and  predicted  coefficients  assoc 


iated  to  ipO)  ^  .^(3) 


,d  ^(5). 


4  Backward  Facing  Step  (Re  =  9910) 

The  ensemble  of  realizations  consists  of  1000  equally  spaced  time  steps  within 
one  period  of  the  flapping  mechanism. 
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Figure  4  shows  the  energy  spectrum  :  clearly,  the  highly  3D  turbulence  results 
in  a  flow  with  many  more  degrees  of  freedom  (based  on  energy  distribution) 
than  in  the  2D  laminar  test  case.  In  Fig.6  are  plotted  the  velocity  vectors  of  the 
first  POD-mode  in  a  a:z-plane  and  in  a  ?/2:-plane  behind  the  step.  We  recognize 
here  the  main  features  of  a  turbulent  flow  behind  a  backward  facing  step  : 
high  levels  of  fluctuations  are  observed  in  the  separated  shear  layer  and  near 
the  reattachment  point;  the  mode  is  seen  to  be  3D,  with  alternated  streamwise 
vortices.  Finally,  Fig.  5  shows  the  projected  coefficients  for  the  first  two  modes  : 
same  as  before,  they  appears  to  be  phase-shifted  in  time.  Nethertheless,  for 
higher  modes,  this  parity  is  not  so  obvious  than  in  the  2D  steady-state  case. 


Fig.6  :  Velocity  vectors  of  .^>0)  in  a  ir-plnne  (left)  and  in  a  y  =  -plane  (right). 


5  Conclusion 

Concerning  2D  flows,  low-order  models  derived  from  a  POD-Galerkin  method 
have  already  showed  their  efficency.  For  the  flow  behind  a  backward  facing  step, 
results  show  the  three-dimensionnal  nature  of  the  flow  :  future  works  will  deal 
with  the  POD-Galerkin  analysis  of  the  3D  case. 
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The  fast  mixing  characteristic  of  fluid  turbulence  is  very  important  in  a 
number  of  natural  or  engineering  contexts.  The  important  modelling  issue  of 
predicting  passive  scalar  transport  in  turbulence  can  be  addressed  by  following 
the  evolution  of  Lagrangian  particles  [1].  We  address  the  question  of  how  a 
cluster  of  n  =  3,4  particles  evolves,  a  question  relevant  to  the  study  of  the 
multipoint  correlation  function.  This  leads  us  to  follow  both  the  overall  scale 
and  the  shape  of  the  object.  The  geometry  of  a  cluster  of  points  is  important 
from  a  conceptual  and  analytical  point  of  view  [2,  3].  Newly  developed  methods 
of  particle  tracking[5,  6]  should  allow  to  answer  many  questions  and  in  particular, 
to  address  the  problem  of  statistical  geometry  of  dispersing  particles. 

We  study  the  problem  with  the  help  of  direct  numerical  simulations  (DNS) 
at  moderate  Reynolds  numbers  {Rx  <  85).  Starting  from  initially  regular 
(isotropic)  clusters  of  points,  of  size  we  characterize  the  evolution  of  the 
radius  of  gyration,  R{t),  and  of  the  shape  of  the  object.  A  convenient  way  to 
describe  the  configuration  of  the  set  of  points  consists  in  defining  the  moment 
of  inertia  tensor, 

g-’'  =  ^p"p'!  (1) 

where  pi  are  n  -  1  vectors  characterizing  the  differences  between  the  posistions 
of  the  n  points  (note  that  the  center  of  mass  plays  no  role  in  our  study).  The 
eigenvalues  of  this  tensor  pi  {gi  >  >  gz\  g\  +  g-i  +  Qi  =  R^)  provide  a  way  of 

quantifying  the  shape  distorsion  of  the  set  of  points.  The  case  when  <71  «  g^  ^  gz 
corresponds  to  a  roughly  isotropic  object  {gi  =  g2  =  93  for  regular  tetrahedra). 
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The  case  gi  ~  <72  >>  93  corresponds  to  a  very  flat,  pancake  like  object.  When 
9i  >>  92,  93,  the  object  is  very  elongated,  needle  like.  The  same  considerations 
apply  for  a  triangle,  with  the  restriction  that  .93  =  0-  A  convenient  way  to 
describe  the  overall  shape  of  the  swarm  consists  in  monitoring  the  ratio  92 /R"- 
This  ratio  is  less  than  1/3  (1/2)  for  tetrahedra  (triangles).  The  area  of  a  triangle, 
A  =  \pi  x  p2\^  and  the  volume  of  a  tetrahedron,  V  —  det(pi , 92, 93)  also  provide 
some  information  on  the  shape  of  the  cluster.  In  the  triangle  case,  92 /R^  s-nd 
A/R'^  arc  related  by  92 /R^  —  “  \/^  ~  jR^). 

The  evolution  of  <  92  fR^  >  for  tetrahedra  as  a  function  of  time,  and  for  the 
initial  values  of  Rq  chosen,  is  shown  in  Fig. la.  A  strong  growth  of  anisotropy 
is  initially  observed,  the  more  so  as  the  intial  size  of  the  swarm  of  particles  gets 
smaller.  At  very  short  times,  all  the  curves  corresponding  to  dissipative  scale 
(/?o  ~  IO77)  superpose.  A  systematic  comparison  with  data  at  lower  Reynolds 
number  demonstrates  that  the  characteristic  time  in  the  short  time,  dissipation 
scale  regime  is  the  Kolmogorov  time,  tk  =  ^/e.  For  larger  scales,  our  data  can 
be  superposed  at  early  times  by  scaling  with  the  time  scale  r(i?o)  =  €^RRq  . 


Figure  1:  Evolution  of  the  ratio  <  92/ >  for  a  set  of  (27)^  tetrahedra,  initially 
regular,  with  a  edge  size  of  ro  =  nr],  n  =  1/4,  1,  4,  16,  32  and  64.  The  integral 
size  is  L  ~  64?;;  Rx  5^  83.  The  dashed  horizontal  line  shows  the  gaussian  value, 
<  92/R^  >G,4~  0.222. 

At  short  times,  and  for  Rq  ~  4r],  the  volume  is  approximately  conserved,  as 
expected.  The  growth  of  R  is  related  to  important  shape  distorsions.  The  con¬ 
ditional  value  <  R{t)\l2  <  0.1  >  is  initially  signiflcanlty  larger  than  <  R(t)  >. 
Once  R  reaches  inertial  scale  values,  volume  is  no  longer  preserved.  Small  non 
volume  preserving  fluctuations  induce  huge  volume  fluctuations  on  highly  dis¬ 
torted  clusters.  The  rough  aspect  of  the  curves  for  small  initial  values  of  7*0  and 
at  short  times  is  due  to  the  very  wide  tails  of  the  pdf  of  volume,  see  Fig. lb.  The 
number  of  tetrahedra  followed  (27^)  was  not  large  enough  to  obtain  a  reliable 
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estimate  of  the  second  moment  of  the  distribution  ! 


Figure  2:  The  pdf’s  of  |  V\/  <  |  y|  >  at  different  times,  separated  by  At/Tj^  = 
2.8  have  been  shifted  upwards  by  a  constant  factor,  for  clarity. 


To  investigate  the  geometrical  properties  in  the  inertial  range, 
model  : 

dMab  _  ^ab  . 

<  nab[t)rjcd{t')  >=  cl  6{t  -  t'){Sal,Scd  -  ^Sal,Scd)/T(R) 
<  K{t)u){t')  >=  cl  6(t  -  t')SijS,,RyT(R) 


we  use  the 
(2) 

(3) 

(4) 

(5) 


where  the  first  term  in  the  left  hand  side  of  Eq.2  represents  the  effect  of  advection 
by  the  velocity  at  scale  ~  R,  and  the  second  term  represents  the  effect  of  the 
small  scale  jitter  induced  by  the  small  scales  of  the  motion  [7].  The  matrix  M 
is  random,  with  a  Gaussian  distribution  and  a  characteristic  time  scale  r{i?), 
see  Eq.3.  The  Kolmogorov  scaling  is  imposed  through  the  R  dependence  of  the 
noise  terms,  see  Eq.4,5.  The  dimensionless  ratio  Cv/Ct,  describes  the  relative 
importance  of  the  incoherent  (small  scale)  and  of  the  coherent  fluctuations  of 
the  velocity  field. 

As  expected  dimensionally,  the  scale  R  eventually  grows  as  More  im¬ 
portantly  for  our  own  purpose,  the  ratio  <  1-2 /R?  >  reaches  a  finite  value  when 
t  ^  00.  The  limiting  value  depends  monotonically  on  the  ratio  CvjC^.  As 
expected,  the  gaussian  value  is  recovered,  when  C^IC^  ->  oo,  whereas  the 
anisotropy  increases  without  limit  (<  .92/-^^  >-^  0)  when  ->  0.  Our 

results  suggest  that  the  anisotropy  is  constant  in  the  inertial  range. 
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Characterizing  experimentally  this  anisotropy  would  provide  an  estimate  on 
the  ratio  and  also  a  constraint  on  the  models  used  for  turbulent  mixing. 
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1  Introduction 

Stably  stratified  turbulence  occurs  widely  in  environmental  flows.  Many  labora¬ 
tory  experiments  have  been  carried  out  in  order  to  increase  our  understanding 
of  the  physics  of  these  flows  and  to  apply  the  results  to  the  development  of  im¬ 
proved  turbulence  models.  In  this  paper  we  consider  the  canonical  problem  of 
turbulence  subjected  to  a  uniform  stable  stratification  and  a  uniform  shear.  The 
interpretation  of  experimental  results  from  investigation  of  this  flow  remains  con¬ 
troversial  which  has  hindered  progress  in  the  application  of  the  results  to  model¬ 
ing.  We  have  applied  Rapid  Distortion  Theory  (RDT)  to  help  us  to  understand 
these  flows,  and  report  on  some  preliminary  findings  below.  In  particular,  we  use 
RDT  to  solve  an  idealized  initial- value  problem  in  which  a  homogeneous  field  of 
turbulence  is  suddenly  subjected  at  time  f  =  0  to  a  uniform  plane  strain,  with 
shear  strength  S,  and  a  uniform  stable  stratification,  with  buoyancy  frequency 
N.  Some  initial  comparisons  between  RDT  and  the  grid  turbulence  experiments 
of  [4]  have  been  previously  reported  by  [1]  and  [5].  In  this  paper  we  expand  on 
those  results  by  analyzing  the  more  recent  and  extensive  experiments  of  [2]  and 

Pi- 

Comparing  idealized  RDT  calculations  with  experimental  results  of  grid  tur¬ 
bulence  requires  some  care.  First  the  initial  conditions  have  to  be  properly 
specified  to  match  the  experimental  conditions.  RDT  requires  the  velocity  per- 
tubations,  the  density  perturbations  and  the  statistical  relationship  between 
these  two  fields  at  the  initial  time. 

Second,  RDT  is  formally  valid  only  when  the  distortion  time  (the  time  over 
which  shear  and  stratification  have  a  significant  effect  on  the  turbulence)  is  small 
compared  with  the  decay  time  of  the  individual  turbulent  eddies.  When  this 
distortion  time  scale  is  larger  than  the  decay  time,  we  argue  (following  [6])  that 
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RDT  can  still  be  applied  if  effective  strains  (/?e//  -  STl  and  r}eff  =  NTl)  are 
used  instead  of  the  total  strains  (/5  =  S' ^  and  77  =  iV  t).  The  argument  is  based 
on  the  idea  that  the  decay  time  scale  of  the  energy  containing  eddies  places 
an  upper  limit  on  the  strain  which  these  eddies  can  experience  before  losing 
their  energy  to  smaller  scales  through  nonlinear  transfer.  A  suitable  working 
definition  is  Tl  =  k/e  where  k  is  the  turbulence  kinetic  energy  and  c  is  the 
dissipation  rate.  For  the  case  of  grid-generated  turbulence  without  shear,  it  is 
found  that  the  effective  strain  is  proportional  to  the  total  strain.  On  the  other 
hand,  for  grid-generated  turbulence  in  sheared  flows  the  effective  strain  may 
evolve  differently  from  the  total  strain,  depending  on  the  gradient  Richardson 
number  Rj  =  Typical  examples  of  effective  strain  as  compared  with 

total  strain  evolution  are  shown  in  Fig.  1  for  the  data  from  [2].  For  R.;  >  0.25 
the  effective  strains  increase  with  distance  from  the  grid  in  proportion  to  the 
total  strains.  In  contrast,  at  lower  Ri  the  effective  strains  initially  increase  in 
proportion  to  the  total  strains  but  eventually  approach  constant  values  as  the 
total  strains  continue  to  increase. 


Effective  strains :  Run_10b 
Ri-0.1 
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Effective  Strains  :  Run  11 
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Figure  1:  The  evolution  of  the  effective  strains  (open  symbols)  and  the  total 
strains  (solid  symbols)  as  a  function  of  nondimensional  distance  x/M  down¬ 
stream  of  the  grid,  where  M  is  the  grid  mesh  length,  for  Ri  =  0.10  and  0.25. 
The  approximation  t  =  x/U ,  where  U  is  the  mean  flow  speed  at  the  height  of 
the  measurements,  has  been  used  to  compare  the  spatially  evolving  laboratory 
flow  with  the  temporally  evolving  RDT  calculation. 


2  Results 

A  hypothesis  which  has  emerged  from  our  RDT  analysis  is  that  the  effects  of  sta¬ 
ble  stratification  on  certain  aspects  of  the  turbulence  structure  can  be  universally 
parameterized  using  the  effective  ’’buoyancy  strain”  ?/  =  NTi.  This  parameter 
may  be  interpreted  as  the  inverse  of  a  local  turbulence  Froude  number. 
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To  test  the  above  hypothesis  we  have  examined  various  turbulence  structure 
parameters  as  a  function  of  p.  A  sample  of  these  results  is  shown  in  Fig.  2.  The 
RDT  calculations  are  all  for  an  initially  isotropic  velocity  field  and  no  initial 
density  fluctuations. 

The  figure  shows  the  calculated  evolution  (as  a  function  of  the  buoyancy 
strain)  of  the  normal  stress  ratio,  the  vertical  buoyancy  flux,  and  the  density 
fluctuations  for  different  values  of  Ri. 

It  can  be  seen  from  these  results  that  RDT  predicts  the  qualitative  form  of 
the  evolution  of  these  turbulence  structure  parameters  reasonably  well.  In  quan¬ 
titative  terms,  the  results  are  mixed.  The  quantitative  evolution  of  the  density 
fluctuations  is  reasonably  well  predicted  by  RDT,  with  a  maximum  occurring 
near  p  =  2.  However,  while  the  form  of  the  flux  evolution  is  well  predicted,  with 
a  maximum  at  77  =  1  and  a  reduction  to  low  values  at  p  =  2,  RDT  predicts  a 
sign  change  in  the  flux  for  p  >  2  which  is  not  observed  in  these  experiments. 
We  note  that  although  the  flow  becomes  non-diffusive  over  times  of  order  2/N 
(with  greatly  reduced  buoyancy  flux),  the  flow  remains  highly  dissipative.  This 
is  not  consistent  with  a  transition  to  an  internal- wave  dominated  flow. 


3  Conclusions 

Accounting  for  an  effective  strain  appropriately  for  the  various  laboratory  ex¬ 
periments  on  grid-generated  turbulence  in  stratified  shear  flows,  we  have  been 
able  to  get  reasonable  qualitative  agreement  between  RDT  and  experimental 
results.  In  particular,  the  evolution  of  the  density  fluctuations  as  well  as  that  of 
the  vertical  density  flux  is  correctly  predicted.  There  are  however  some  signifi¬ 
cant  quantitative  differences  between  theory  and  experiment:  we  attribute  these 
mainly  to  RDT’s  tendency  to  overestimate  the  anisotropy  of  the  turbulence  due 
to  the  neglect  of  nonlinear  effects.  The  results  of  the  comparison  of  RDT  with 
laboratory  experiments  suggests  that  many  features  of  turbulence  in  stratified 
shear  flows  may  explained  by  a  linear  interaction  between  the  energy  containing 
eddies  and  the  mean  shear  and  stratification.  The  nonlinear  effects  seem  to  limit 
this  process  rather  than  significantly  modify  it. 
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Figure  2:  Comparison  between  RDT  calculations  and  experimental  data. 
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1  Introduction 

There  has  been  lively  discussion  in  the  literature  over  several  past  years  about 
whether  near-wall  turbulence  has  the  complete  similarity  property,  a  classical 
picture  introduced  by  von  Karman  and  Prandtl  [1],  or  whether  it  is  charac¬ 
terized  by  an  incomplete  similarity  as  suggested  by  Barenblatt  et  al  [2].  The 
difference  between  these  two  cases  is  important  because  the  first  assumption 
leads  to  the  prediction  a  logarithmic  mean  velocity  profile,  whereas  the  second 
results  in  a  scaling  law  characterized  by  a  power-law  profile.  Both  approaches,  as 
well  as  some  other  recent  suggestions  by  different  authors,  are  based  on  dimen¬ 
sional  analysis  not  linked  directly  to  Navier-Stokes  equations.  It  is  becoming 
clear  that  further  development  of  the  theory  is  severely  hindered  by  insufficient 
understanding  of  the  relevant  physical  processes.  This  lack  of  understanding 
stems  from  the  absence  of  rigorous  results  on  the  turbulence  dynamics  obtained 
directly  from  the  Navier-Stokes  equations.  Indeed,  even  if  valid  only  for  special 
cases  such  results  could  provide  a  check  on  the  assumptions  used  in  less  rigorous 
(but  more  general)  phenomenological  theories.  They  would  identify  the  phys¬ 
ically  important  quantities  to  be  measured  in  future  experiment,  and  essential 
physical  mechanisms  to  be  included  into  future  phenomenology.  The  derivation 
of  such  rigorous  results  about  near- wall  turbulence  directly  from  the  Navier- 
Stokes  equations  is  the  main  goal  of  the  present  paper.  Our  analytical  theory 
has  three  ingredients:  rapid  distortion  theory  (RDT),  the  Reynolds  averaged 
mean-flow  equations,  and  a  model  for  the  initial  vorticity  that  provides  turbu¬ 
lence  forcing.  The  first  ingredient,  RDT,  has  been  a  popular  and  powerful  tool  of 
description  of  shear-flow  turbulence  since  the  work  of  Moffatt  [3]  who  extended 
the  RDT  approach  of  Batchelor  and  Proudman  [5]  to  the  shear-flow  geometry. 
We  will  use  a  generalised  RDT  proposed  in  [4]  to  describe  inhomogeneous  tur¬ 
bulence  and  shear  in  terms  of  the  Gabor  transforms.  The  second  ingredient,  the 
Reynolds  averaged  equations  is  the  standard  way  of  describing  the  dynamics  of 
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the  mean  flow  subject  to  turbulent  stresses.  Our  aim  is  to  write  the  averaged 
turbulent  stresses  which  enter  into  this  equation  in  terms  of  the  quantities  used 
in  RDT,  and  thus  to  obtain  a  closed  coupled  system  of  equations  for  the  mean 
flow  and  turbulence.  However,  to  describe  turbulent  shear  flows  one  has  to  add 
yet  another  ingredient  to  ensure  existence  of  a  statistically  steady  state,  -  the 
turbulence  forcing  in  the  overlap  region.  This  forcing  is  provided  by  a  initial 
vorticity  that  penetrates  into  the  overlap  region  in  the  form  of  the  debris  of 
the  coherent  structures  originating  in  the  viscous  sublayer.  Because  the  viscous 
sublayer  is  very  thin  compared  to  the  overlap  region  these  coherent  structures 
have  a  scale  which  is  smaller  than  the  characteristic  scale  of  the  mean  flow  in 
the  overlap  region.  Also,  it  is  natural  to  think  that  the  starting  vorticity  debris 
are  weak  far  from  the  viscous  sublayer  because  they  get  diluted  in  large  volume 
fluid.  Thus,  one  can  assume  that  the  turbulence  forcing  is  weak  and  small-scale, 
which  allows  one  to  use  the  RDT  approach  and  the  scale  separation  technique. 
The  view  that  the  near  wall  turbulence  is  a  linear  driven  system  was  originally 
proposed  by  Landahl  [6]  who  also  argued  that  the  turbulence  forcing  is  produced 
by  vorticity  bursts  originating  in  the  viscous  sublayer  and  which  are  intermittent 
in  space  and  time. 

2  Dynamics  of  turbulence 

Let  US  consider  a  velocity  field  in  three-dimensional  space  that  consists  of  a 
strong  large-scale  mean  component  U  and  a  weak  small-scale  fluctuations  u 

velocity  —  U{x,t)  +  u{x,t),  (1) 

U  —  {velocity),  {u)  =  0,  (2) 

L  -  Ul\VU\  »  u/\Vu\  -  I,  U/L  »  ull.  (3) 

Averaging  (•)  is  performed  over  the  statistics  of  a  random  force  which  will  be 
introduced  below.  Below,  we  will  deal  with  the  shear-flow  geometry,  so  that 
U  =  ([/(y,  i),  0, 0).  Let  us  define  Gabor  transform  (GT) 

u{x,k,t)  =  y /(e*|a;-xo|)e'*=  <=^-®”>u(a;o,«)da:o,  (4) 

where  1  >  e*  >  e  and  f{x)  is  a  function  which  decreases  rapidly  at  infinity, 

e.g.  exp (-.7/^).  One  can  think  of  GT  as  a  local  Fourier  transform  taken  in  a  box 

centered  at  x  and  having  a  size  which  is  intermediate  between  L  and  /. 

Let  us  substitute  (1)  into  the  Navier-Stokes  equation, 

df  U  +  dtu  -k  (U  •  V)w  +  {u  •  V)C/  d-  {u  •  V)w  =  - Vp  -k  a izV^U  +  izV^u.  (5) 

Here  a  =  a{x,t)  describes  an  external  random  forcing.  In  the  case  of  wall 
turbulence,  this  term  models  the  vorticity  seeding  in  the  outer  layers  due  to  the 
inner-layer  vortex  structures  which  break  and  penetrate  into  the  outer  layers  and 
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serve  as  initial  turbulence  material.  We  now  apply  GT  to  the  above  equation 
with  A;~27r//~l^>27r/L~e  and  only  retain  terms  up  to  first  power  in  e  and 
€*  (we  chose  e*  such  that  e*  ^  e  ^  All  large-scale  terms  (the  first  one 

on  the  LHS  and  the  third  one  on  the  RHS)  give  no  contribution  because  their 
Gabor  transforms  are  exponentially  small.  Further,  the  nonlinear  term  (u  •  V)u 
may  be  neglected  as  it  is  small  compared  to  (u  ■V}U  because  of  the  assumption 
(3) .  As  a  result  we  have  (see  [7]  for  details) 


2k 


(df  -f  Udx  +  d/,.,^)u  -  exOiiy  —  fluyk^  +  a±  - 


(6) 


where  SI  =  -dyU  is  the  mean  flow  vorticity  and  d'±  =  a  —  ’  &).  Equation 

(6)  generalizes  RDT  to  the  case  of  non-uniform  turbulence  and  shear. 


3  Dynamics  of  the  mean  flow 

In  order  to  derive  a  mean  flow  equation  one  has  to  filter  out  the  small  scales 
from  the  Navier-Stokes  equations  (5)  by  ensemble  averaging  over  the  statistics 
of  the  random  forcing  a.  We  have 

dtU  -dyT  -  d.,P  +  (7) 

where  r  =  (uiuo)  is  the  turbulent  shear  stress.  This  is  the  standard  equation 
used  for  description  of  turbulent  shear  flows.  The  y  and  z  components  of  the 
mean  flow  are  not  generated  by  turbulent  stresses  if  the  forcing  a  is  statistically 
symmetric  with  respect  2  ->  —2:,  as  we  will  see  later. 

Let  us  use  GT  to  rewrite  the  shear  stress  r  =  {U1U2)  as  follows, 

'r=  y:2(o)p7r)^  /  (8) 

Here  we  have  to  substitute  Ui  found  by  solving  the  RDT  equation  (6) .  In  the  limit 
of  small  viscosity  and  assuming  statistical  mirror  symmetry  of  a  with  respect  to 
xi  -xi  we  have  (see  derivation  in  [7]): 


r  =  Tc  +  Ts, 


(9) 


where  Tc  is  an  independent  of  y  part  (which  does  not  contribute  to  the  mean 
flow  dynamics)  and 


Ts  - 


n  ’ 


(10) 


where  is  independent  of  y  it  is  given  by  a  rather  lengthy  expression  which 
can  be  found  in  [7]. 
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4  Steady  mean  profile 

For  stationary  mean  flow  (7)  implies 

T  +  jyn  =  -(y  -  H/2)  d,P  =  {1  -  2y/H)  ul  (11) 

where  we  measure  y  as  the  distance  from  one  of  the  walls  and  we  took  into 
account  the  fact  that  the  total  shear  stress  must  be  zero  in  the  centre  of  the 
channel,  at  y  =  H/2.  Because  we  restricted  ourselves  to  the  case  >  0,  we  have 
U  <0  and  d,-,P  >  0.  Away  from  the  wall,  where  viscosity  is  not  important,  (11) 
and  (10)  give 

^ (121 

Integrating  this  equation,  we  have 

U {y)  =  log  y  +  const.  (13) 

We  see  that  the  Log  law  of  the  wall  appears  as  an  analytical  solution  of  the 
dynamical  equations  in  our  approach.  To  obtain  this  solution  we  implicitly  as¬ 
sumed  statistical  spatial  uniformity  of  the  vorticity  seeding  a .  Other  conditions 
of  the  Log  law  realisability,  as  well  as  study  of  a  more  general  set-up  will  appear 
in  [7]. 
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1  Introduction 

During  the  last  decades  many  theoretical  and  numerical  studies  have  been  carried 
out  to  improve  the  understanding  of  two-dimensional  (2D)  turbulence.  Thirty 
years  ago  the  first  phenomenological  theory  of  forced  2D  turbulence  was  pre¬ 
sented  by  Kraichnan  [1]  and  by  Batchelor  [2].  According  to  this  theory,  the 
energy  spectrum  shows  an  inverse  energy  cascade  with  a  inertial  range  for 

wave  numbers  smaller  than  the  injection-scale  wave  number  kj..  A  direct  ens tro¬ 
phy  cascade,  characterised  by  a  k~'-^  inertial  range,  is  predicted  for  k  >  kj.  Nu¬ 
merical  studies  of  forced  2D  tiuFiilence  with  periodic  boundary  conditions  more 
or  less  support  the  Kraiclman-Batchelor  picture  [3,  4],  although  steeper  spectra 
for  large  wave  numbers  are  also  obseiA^ed  [4].  The  energy  spectra  obtained  for 
numerical  simulations  of  decaying  2D  turbulence  with  periodic  boundaries  show 
that  the  inverse  cascade  is  usually  not  very  clearly  observed,  and  the  direct  en- 
strophy  cascade  is  often  only  established  as  a  transient  state  before  the  viscous 
range  starts  to  dominate  the  spectrum  at  large  wave  numbers.  Additionally, 
the  appearance  of  coherent  vortices  during  the  decay  process  introduces  steeper 
spectra  for  large  wave  numbers  than  predicted  by  Kraichnan  and  Batchelor. 
The  emergence  and  the  temporal  e\^olution  of  a.  hierarchy  of  coherent  vortices 
in  decaying  2D  turbulence  has  been  the  subject  of  many  analytical,  numerical 
and  experimental  studies.  One  of  the  most  remarkable  theoretical  results  is  the 
scaling  theory  put  forward  by  Carnevale  et  al.  [5].  They  assumed  that  the  total 
kinetic  energy  of  the  flow  and  the  vorticity  extremum  of  the  dominant  vortices 
are  conserved.  It  is  also  supposed  that  the  average  number  density  of  vortices, 
p(f),  decreases  algebraically:  p{t)  <x  ,  with  (  so  far  undetermined.  Dimen¬ 
sional  analysis  then  yields  also  algebraic  power  laws  for  the  average  enstrophy, 
Z(t)  oc  for  the  average  vortex  radius,  a(t)  oc  and  for  the  a.verage 

mean  vortex  separation,  7*(f)  oc  The  powder-law  exponent  is  a  free  parame¬ 
ter  wJiicli  has  to  be  predicted  on  the  basis  of  numerical  simulations. 
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2  Energy  spectra  and  vortex  statistics 


In  several  studies  it  has  been  observed  that  vorticity  produced  near  no-slip  walls 
modifies  the  decay  process  of  2D  turbulence  in  a  square  container  consider¬ 
ably  [6,  7].  The  source  of  vorticity  is  found  in  the  thin  boundary  layers  at  the 
no-slip  walls,  and  after  boundary  layer  detachment  these  filaments  are  either 
advected  into  the  interior  of  the  flow  domain  or  they  roll  up  and  form  new 
small-scale  vortices.  Figure  1  shows  some  snapshots  of  vorticity  contour  plots  of 
a  numerical  simulation  of  decaying  2D  turbulence  for  Re=20,000  in  a  container 
with  no-slip  boundaries  (employing  a  2D  Chebyshev  pseudospectral  method), 
computed  for  r  =  8,  20  and  40,  respectively,  (Figs,  la-lc)  and  for  the  case 
with  periodic  boundary  conditions  (Figs.  Id-lf,  r  =  8,  20  and  40,  respectively). 
In  the  latter  case  a  2D  Fourier  pseudospectral  method  has  been  used  for  the 
simulations.  The  dimensionless  time  r  =  1  corresponds  approximately  with  the 
(initial)  eddy  turnover  time.  The  initial  conditions  of  both  runs  are  exactly  the 
same.  It  can  be  concluded  that  already  at  early  times  in  the  flow  evolution  strong 
vortex-wall  interactions  can  be  observed  and  that  huge  amounts  of  small-scale 
vorticity  are  produced  near  the  no-slip  walls.  Apparently,  the  no-slip  walls,  at 
which  the  flow  velocity  is  forced  to  be  zero,  acts  as  a  local  forcing  agent. 

One  of  the  tools  to  understand  the  role  of  the  boundaries  in  the  evolution  of 
turbulence  is  by  comparing  the  energy  spectra  computed  for  simulations  with 
no-slip  and  with  periodic  boundary  conditions.  It  is  obvious  that  isotropy  and 
homogeneity  are  absent  when  no-slip  walls  confine  the  flow.  As  a  consequence 
an  alternative  approach  has  to  be  used  to  measure  the  energy  spectra.  In  the 
present  simulations  ID  energy  spectra  are  computed  for  runs  with  the  two  kinds 
of  boundary  conditions.  An  interesting  observation  is  the  following:  the  inertial 
range  of  the  ID  energy  spectrum,  measured  along  a  line  parallel  with  one  of 
the  boundaries  not  too  far  from  this  boundary,  shows  a  k~^^^~s\ope  up  to  the 
smallest  wave  numbers  used  in  the  simulations  (length  scales  as  small  as  the 
enstrophy  dissipation  scale  are  well  resolved).  The  presence  of  the  A:“'^/^-slope 
for  small  wave  numbers  is  due  to  the  production  of  small-scale  vorticity  fila¬ 
ments  near  the  no-slip  walls.  The  direct  enstrophy  cascade  is  virtually  absent  at 
early  times  during  the  decay  process.  To  illustrate  this  remar l<:able  feature  we 
have  plotted  in  Fig.  2a  the  ensemble- averaged  ID  energy  spectra  for  runs  with 
no-slip  boundaries  for  Re=5,000,  10,000  and  20,000.  The  steepest  inertial  range 
spectrum  corresponds  to  the  run  with  Re=5,000  (n  —  2.4).  The  inertial  range 
spectrum  with  n  =  5/3  corresponds  with  the  Re=20,000  run.  Present  spectra 
are  measured  near  the  boundaries  for  r  =  4.  At  later  times  the  energy  spectrum 
shows  the  build-up  of  a  direct  enstrophy  cascade  with  a  k~^  inertial  range  to¬ 
gether  with  the  inverse  energy  cascade  for  smaller  wave  numbers.  The  energy 
spectrum  shows  a  kink,  which  slowly  moves  to  smaller  wave  numbers.  The  posi¬ 
tion  of  the  kink,  which  represents  the  injection  scale  ki,  can  clearly  be  associated 
with  the  growth  of  an  averaged  local  boundary-layer  thickness.  The  spectrum  as 
observed  in  these  simulations  differs  from  the  well-known  Kraichnan-Batchelor 


Decaying  two-dimensional  turbulence  in  a  bounded  domain 


635 


(cl)  r  =  8 


(e)  r  =  20 


(f)  T  =  40 


Figure  1:  Vorticity  contour  plots  of  simulations  for  Re= 20,000  with  no-slip  (a-c) 
and  with  periodic  (d-f)  boundary  conditions. 


picture  of  2D  turbulence  mentioned  earlier,  and  differs  also  with  spectra  com¬ 
puted  from  our  simulations  with  periodic  boundary  conditions. 

Actually,  the  boundaries  act  as  generators  of  vortices,  thus  modifying  the  evolu¬ 
tion  of  vortex  statistics.  Numerical  studies  of  decaying  2D  Navier-Stokes  turbu¬ 
lence  in  containers  with  no-slip  boundaries  show  a  distinctly  different  evolution 
of  vortex  statistics  (see  Figs.  2b  and  2c),  at  least  up  to  integral-scale  Reynolds 
numbers  up  to  20,000.  It  is  an  open  question  yet  wether  the  difference  in  the 
evolution  of  vortex  statistics  for  decaying  2D  turbulence  depends  indeed  on  the 
type  of  boundary  conditions.  An  additional  complication,  which  has  not  been 
discussed  here,  might  be  the  role  of  the  initial  flow  field  on  vortex  statistics. 


3  Conclusions 

We  have  shown  that  decaying  2D  turbulence  in  bounded  domains  leave  us  with 
some  intriguing  results:  small-scale  vorticity  produced  near  no-slip  boundaries 
changes  the  direct  enstrophy  cascade  into  a  inverse  energy  cascade 
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Figure  2:  The  ID  energy  spectra  for  the  no-slip  runs  (a),  the  aA^eragecl  vortex 
iiiunbcr  density  (b)  and  the  mean  vortex  separation  (c)  for  runs  with  periodic 
(x)  and  with  no-slii)  (-I-)  boundary  conditions. 


during  the  initial  decay  stage,  and  the  evolution  of  vortex  statistics  is  strongly 
modified  for  runs  with  i?e=5,000,  10,000  and  20,000. 
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1  Introduction 

Wall-bounded  turbulence  is  perhaps  the  last  canonical  incompressible  turbulent 
flow  that  cannot  be  considered  as  being  even  approximately  understood.  It  was 
given  a  theoretical  framework  during  the  1940’s  with  the  logarithmic-law  argu¬ 
ments  of  Von  Karman  and  others  but,  while  the  structural  aspects  of  free  shear 
flows  were  effectively  clarified  during  the  1960’s  and  1970’s,  the  case  for  wall- 
bounded  flows  is  much  less  clear-cut.  In  recent  years  even  the  scaling  arguments 
for  the  logarithmic  profile  have  been  challenged,  leading  to  a  resurgence  of  inter¬ 
est  within  the  physical  community.  Engineering  interest  has  also  been  renewed 
l^y  the  possibility  of  micromechanical  manipulation  of  turbulent  boundary  layers. 

It  is  not  my  purpose  here  to  discuss  wall  flows  in  general,  even  if  a  modern 
review  is  missing  for  them.  What  I  will  do  is  to  point  to  sonu^  open  problems 
related  to  their  simulation,  both  from  the  point  of  view  of  how  computation 
c:an  hel])  physical  understanding,  and  viceversa.  The  paper  takes  the  form  of 
a  collection  of  i^roposed  ‘problems’  which  I  personally  believe  to  be  important 
enough  to  require',  attention,  together  with  short  comments  on  their  difficulty 
and  on  their  i)re.sent  status. 

2  The  logarithmic  layer 

The  arguments  leading  to  the  logarithmic  velocity  profile  assume  that  the  only 
relevant  length  scale,  when  the  distance  y  to  the  wall  is  large  in  wall  units 
but  small  compared  with  the  boundary  layer  thickness  6,  is  y  itself.  A  further 
assumption,  based  in  that  the  shear  stress  t/p  =  is  constant  near  the  wall, 
is  that  the  velocity  scale  is  Ur-  The  only  dimensionally  consistent  expression  for 
the  velocity  gradient  is  then 

dUldy'^Urly,  (i) 
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Figure  1:  (Left)  Pre-multiplied  Reynolds  stress  streamwise  cospectra.  (Right) 
Spectral  correlation  coefficient  for  the  u  and  v  components,  v  ,  numerical  channel 

at  Rer  =  590,  [18].  y+  =  99.  - ,  y+  =  100; - ,  =  250.  Pipe  at 

UrR/y  =  2100,  [15].  .  ,  y+  =  110; - ,  y+  =  1150.  Laboratory  boundary 

layer  at  UrS/p  =  7050,  private  communication  by  J.  Carlier  and  M.  Stanislas. 
Other  symbols  are  from  the  atmospheric  boundary  layer  [6],  with  U  w  10  m/s 
at  10  m,  and  roughness  height,  Urh/p  ^  400.  S/h  k  5  x  10^:  a  ,  y/h  =  100;  •  , 
y/h  —  1000.  All  spectra  are  approximately  in  the  logarithmic  layer,  normalized 
by  the  distance  to  the  wall  and  scaled  to  unit  area. 


which  leads  directly  to  a  logarithm.  There  are  several  problems  with  this  ar¬ 
gument,  even  if  the  experimental  support  for  the  logarithmic  profile  is  excellent 
[24,  19].  The  main  one  is  the  possible  influence  of  motions  parallel  to  the  wall, 
which  are  not  necessarily  limited  in  size  to  0{y). 

Very  large  longitudinal  velocity  structures,  of  the  order  of  many  boundary 
layer  thicknesses,  have  been  documented  within  the  logarithmic  layer  of  wall 
bounded  flows  [8,  13],  roughly  between  ?/+  >  100  and  y/S  <  0.2.  It  has  been 
suggested  that  they  scale  with  the  boundary  layer  thickness  [5],  or  at  least  that 
their  streamwise  lengths  increase  nonlinearly  with  y  [8,  13].  This  would  imply 
that  some  length  beyond  y  is  involved,  destroying  the  dimensional  basis  for  the 
logarithmic  profile. 

Although  the  scaling  of  these  u-structures  is  still  unclear,  figure  1  presents 
a  compilation  of  Reynolds-stress  longitudinal  cospectra  in  the  logarithmic  layer, 
for  a  range  of  Reynolds  numbers  going  from  direct  numerical  simulations  in 
the  low  end,  to  the  atmospheric  boundary  layer.  The  flows  represented  in  the 
figure  include  channels,  pipes  and  boundary  layers,  both  over  smooth  and  over 
rough  surfaces.  Even  if  the  experimental  scatter  is  large,  the  fact  that  the  stress- 
containing  peaks  of  such  diverse  cospectra  collapse  reasonably  well  when  scaled 
with  the  wall  distance,  strongly  suggests  that  at  least  the  shear  stresses  are 
consistent  with  the  classical  dimensional  argument.  The  same  is  true  of  the 
wall- normal  fluctuations. 
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It  is  interesting,  however,  that  the  peak  of  the  cospectrum  is  at  a  large 
multiple  of  y,  and  that  even  wavelengths  of  the  order  of  100  appear  to  be 
necessary  to  capture  most  of  the  turbulent  shear  stress.  The  right-hand-side  of 
figure  1  displays  the  correlation  coefficient  Euv/{BxiuEyy)^^^ ,  which  represents 
the  ‘efficiency’  of  the  turbulent  fluctuations  in  generating  Reynolds  stresses.  It 
vanishes  near  «  ?/,  in  agreement  with  the  idea  that  eddies  of  that  size  are 
approximately  isotropic  and  do  not  generate  stresses,  and  increases  monotoni- 
cally  towards  a  maximum  near  100?/  (20^  near  the  edge  of  the  logarithmic  layer). 
These  lengths  are  of  the  same  order  as  the  longest  observed  longitudinal  velocity 
structures. 

There  are  fewer  data  on  the  spanwise  extent  of  these  large-scale  fluctuations, 
but  those  available  from  numerical  simulations  at  moderate  Reynolds  numbers 
also  suggest  a  linear  scaling  with  y.  The  overall  picture  is  of  very  large  stress- 
producing  structures  whose  maximum  intensities  are  at  sizes  Ax  x  A-  «  10?/  x 
3?/,  but  which  contain  appreciable  stresses  up  to  100?/  x  10?/.  At  the  edge  of 
the  logarithmic  layer  they  are  of  the  order  of  20  x  2  times  the  boundary  layer 
thickness.  None  of  the  available  direct  numerical  simulations  of  wall-bounded 
flows,  and  few  experiments,  have  been  designed  with  those  large  numbers  in 
mind. 

It  was  noted  in  [8]  that  the  dominant  deformation  mechanism  for  such  large 
structures  is  the  mean  shear,  because  its  associated  time  scale,  {dU/dy)~^  « 
y/ur,  is  shorter  than  the  eddy  turnover  time  A/?Zr-  In  this  sense  they  can  be 
described  by  linearized  perturbation  equations, 

[dt  +  U{y)d:,  -  Re-^V^]  V^v  -  dyyU  d,v  =  0,  (2) 

[dt  +  U{y)d.,  -  Re-' V^]  Wy  +  dyU  d,v  =  0.  (3) 

The  first  of  these  is  Orr-Sommerfeld’s  stability  equation  for  the  parallel  flow 
U{y),  while  the  second  one  describes  Squire’s  wall-normal  modes.  While  the  for¬ 
mer  defines  an  eigenvalue  problem,  the  latter  is  enslaved  to  it.  For  the  velocity 
profiles  of  most  parallel  wall-bounded  flows,  equation  (2)  has  no  unstable  eigen¬ 
values,  but  it  has  neutral  solutions  associated  with  translational  invariances,  and 
weakly  damped  ones.  In  particular,  any  strictly  streamwise  vortex  only  decays 
in  times  of  0{Re/dyU),  and  forces  onto  equation  (3)  streamwise  ‘streaks’  whose 
intensity  grows  approximately  linearly  over  shorter  periods. 

The  initial  value  problem  for  (2)-(3)  is  rapid  distortion  theory  and,  in  the 
case  of  a  uniform  shear,  also  tends  asymptotically  to  an  array  of  alternating 
streamwise  streaks  [17]. 

The  large  scales  discussed  here  are  fascinating  structures  which,  from  figure 
1,  are  responsible  for  most  of  the  shear  stress  (and  energy)  throughout  the  loga¬ 
rithmic  layer.  They  are  crucial  for  the  physical  and  technological  understanding 
of  wall-bounded  flows.  They  suggest  two  problems: 

Problem  1  Clarify  the  relationship,  in  any,  between  the  very  large  scales  of  the 
logarithmic  layer,  and  the  solutions  of  the  initial  value  problem  (2)-(3),  or  its 
quasi-neutral  eigenfunctions. 


640 


Javier  Jhnencz 


Problem  2  Smiulata  any  mall  flow  ai  B.aynolds  ‘numbers  high  ernough  for  a  log- 
arithm/ic  layer  to  exist  (B.Cr  >  1,000^,  in  a  hig-ernough  box  for  the  la/rgest  st/ruc- 
tures  to  be  adequately  rep'resented  (Lj.  x  >  30(^'  x  5S).  Note  that  a  la'rge. 
eddy  Simula, timi  ‘may  be  able  to  clarify  the  logarithmic-layer  processes,  which  a, ‘re 
P'robably  ‘not  co'nnected  with  the  d'lssipative  sca.les. 

For  a  well-rosolvccl  spectral  direct  simulation  of  a  plane  channel,  with  A;?;'*’  = 
10  and  Ay, =  Az^  =  C,  the  minimnin  grid  required  for  such  a  computation 
is  3000  X  513  X  800  spectral  modes.  This  is  beyond  the  capacity  of  most  present 
computers,  although  it  should  he  possible  within  a  few  years,  l)ut  the  LES  would 
l)e  within  present  capabilities  if  a  reliable  wall  boundary-condition  could  l)e  found 
for  the  (Kpiations. 

3  The  near-wall  region 

The  region  closer  to  the  wall  than  about  100  wall  units  was  one  of  th(?  first  to 
be  studied  using  numerical  simulations.  The  local  Reynolds  numbers  are  low 
and  the  resolution  requirements  arc  less  strict  than  for  the  logarithmic  layer. 
There  is  strong  evidence  that,  at  least  for  smooth  walls,  this  region  is  the  seat  of 
a  regeneration  cycle  involving  long  streamwise  high-  and  low- velocity  ‘streaks’, 
and  short(ir  quasi-streamwise  vortices.  It  was  shown  in  [9]  that  this  cycle  can 
function  in  a  ‘minimal’  unit,  which  is  a  doubly  periodic  ‘crystal’  in  which  each 
identical  element,  LfxLt  ^  500  x  100,  contains  a  pair  of  counterotating  vortices, 
and  a  segment  of  an  infinitely  long  streak.  It  was  later  shown  in  [11]  that  th(^ 
cycles  is  ‘autonomous’,  in  the  sense  that  the  flow  al)ove  y-P  70  can  be  removed 
without  seriously  disturbing  it.  Attempts  to  maintain  a  working  cycle  in  a 
minimal  mid,  autonomous  unit,  which  would  neither  interact  with  its  neighbours 
nor  with  thci  core  flow,  have  failed  up  to  now,  and  it  is  still  unknown  which  are 
tlu^  minimum  ingredients  necessary  for  the  self-geiKu-ation  of  wall  turbulence. 

There  hav(^  bc^en  many  proposals  for  dynamical  models  of  the  cycles  itself. 
It  is  fairly  clear  that  the  vortices  generate  th(^  streaks  by  advc'cting  the  mean 
profile,  and  that  the  streaks  are  involved  in  the  regeneration  of  th(^  vortic(^s  [11], 
but  the  details  of  tlu^  latter  ar(^  unclear.  The  linear  instabilitic^s  of  tin;  streaks 
have,  for  example,  been  considered  in  [7,  12],  but  there  are  questions  about 
whether  the  unstable  eigenvalues  are  fast  enough  for  the  observed  effects.  A 
more  complete  low-dimensional  model,  mimicking  tlu^  whole  regeneration  pro¬ 
cess,  was  discussed  in  [23],  but  it  is  difficult  to  proven  that  it  really  represents  the 
cycle  observed  in  fully  turl)ulent  flows.  Perhaps  the  most  suggestive  recent  de¬ 
velopment  is  [22],  which  identifies,  in  a  minimal  cfiaimel  unit,  a  low-dimensional 
dynamical  structure  resembling  a  Silnikov-type  saddle  in  phase  space.  Its  stable 
manifold  connects  to  the  linear  instability  of  a  strc'ak,  but  the  saddle  is  nonlinear, 
and  its  faster  unstable  manifold  merges  into  full  turbulence.  The  saddle  itself 
corresponds,  in  configuration  space,  to  a  bent  streak  similar  to  those  educed  in 
[9,  7]  as  precursors  to  near- wall  bursts. 
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Figure  2:  Locations  of  the  maxima  in  the  longitudinal  premultiplied  spectra, 
kr.Enu{kx)  [1].  o  ,  U-maxRI^  =  2.6  X  10^  A  ,  1.2  X  10^  Open  symbols,  smooth 
pipes;  closed,  rough  pipes  whose  equivalent  sand  roughness  height  is  /i/i?,  = 
O.OOS.  The  jump  at  yfR^  0.2  switches  between  two  local  maxima. 


Problem  3  The  full  characterization  of  the  near-wall  turbulence  cycle  should 
by  now  he  reasonably  straightforward.  The  elew,ents  involved  are  knoum,  and  it 
should  be  possible  to  construct  truly  minimal  self-sustaining  wall  units  that  corn,  be 
studied  as  reUitively  low- dimensional  systems,  but  which  can  also  be  unequivocally 
rehited  to  real  turbulence.  A  strong  candidate  could  be  a  .set  of  a  few,  perhaps 
two  or  three,  a,utonomous  minimal  units. 

Even  if  this  is  achieved,  the  question  of  the  relationship  between  this  near- wall 
cyc:Ie  and  the  logarithmic  and  outer  layers  would  still  be  oi>eii.  One  inqmrtaiit 
question  is  connected  with  rough  walls.  It  is  generally  believed  that  the  log¬ 
arithmic  layer  over  rough  walls  does  not  differ  much  from  those  over  smooth 
ones,  e^^en  if  fully  developed  roughness  requires  that  the  dimensionless  rough¬ 
ness  height  be  >  50-100.  This  would  probably  destroy  the  cycle  discussed 
in  the  previous  paragraphs.  The  experimental  evidence,  which  does  show  some 
differences  (figure  2),  is  generally  at  Reynolds  numbers  which  are  too  low  to 
distinguish  between  the  true  effects  of  rougiincss  and  those  of  measuring  at  wall 
distances  which  arc  moderate  multiples  of  the  physical  dimensions  of  the  rough¬ 
ness  elements.  The  approximate  collapse  of  the  cospectra  in  figure  1,  and  similar 
results  in  other  atmospheric  boundary  layers,  suggest  that  logarithmic  layers  far 
enough  from  the  wall  become  independent  of  the  wall  boundary  condition. 

Problem  4  Any  simulation  of  a  rough  wall,  specially  one  containing  a  loga¬ 
rithmic  region,  would  give  imsight  both  on  the  interaction  of  the  wall  with,  the 
outer  flow,  and  on  the  dynamical  processes  of  the  logarithmic  region.  A  pre¬ 
liminary  .step  might  be  a  simulation  without  a  smooth-wall  cycle,  even  one  not 
corresponding  to  a.ny  physically  realistic  roughness. 
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The  simulation  of  a  rough  wall  is  even  more  demanding  than  that  proposed  in 
problem  2.  Figure  2  suggests  that  the  logarithmic  layer  should  be  at  least  twenty 
times  thicker  than  the  roughness  height,  which  in  turn  should  be  >  50.  This 
implies  Rcr  >  5,000  for  the  half  channel.  On  the  other  hand  a  LES  might  be 
enough  to  understand  the  interaction  of  the  logarithmic  and  wall  laj^ers,  subject, 
as  in  the  smooth  case,  to  the  identification  of  a  reliable  wall  boundary  condition. 


4  Large-eddy  simulations 

We  have  referred  twice  to  the  problem  of  finding  proper  boundary  conditions 
for  wall-bounded  large-eddy  simulations  of  attached  wall  flows.  It  was  shown 
in  [2,  10]  that  LESs  using  present  sub-grid  models  approximate  well  the  mean 
velocity  profiles  only  if  the  filter  is  chosen  so  that  the  fraction  of  the  shear  stresses 
carried  by  the  model  is  negligible.  Mixed  models,  which  include  a  scale-similarity 
part,  appear  to  work  better  [21],  but  it  is  unlikely  that  any  model  can  be  found 
that  predicts  correctly  the  full  subgrid  stresses,  especially  in  anisotropic  and 
inhomogeneous  situations  such  as  near  walls.  Some  fixed  fraction  of  the  shear 
stress  will  always  have  to  be  carried  by  the  resolved  scales,  and  it  follows  from 
figure  1  that,  for  attached  flows,  this  requires  that  Ax  ~  y  up  to  the  edge  of  the 
near-wall  layer.  The  number  of  grid  elements,  even  for  an  optimally  unstructured 
grid  using  elements  of  volume  at  height  y,  is  therefore  of  order 

Nr^  [  y-^dy  =  0{Rel).  (4) 

Jl/RCr 

This  is  an  absolute  lower  bound  if  something  like  the  integral  scale  is  to  be 
retained  at  each  point  (i.e.  in  a  Large-Eddy  simulation),  and  it  is  only  slightly 
less  stringent  than  the  requirement  for  direct  simulations,  N  =  0{ReT^^)- 

The  trouble  is  with  the  lower  limit  in  the  integral  in  (4),  which  is  Reynolds 
number  dependent,  and  it  can  only  be  remedied  if  the  grid  refinement  can  be 
restricted  to  distances  away  from  the  wall  which  are  fixed  fractions  of  the  outer- 
flow  scale  (e.g.  the  pipe  radius).  In  attached  flows  this  means  that  the  last  grid 
point  would  be  in  the  logarithmic  layer. 

Problem  5  Find  a  boundar  y  condition  for  the  LES  of  attached  wall  flows  which 
allows  the  last  grid  point  to  he  located  at  an  arbitrary  location  within  the  loga¬ 
rithmic  layer  (except  perhaps  for  a  grid  point  at  the  wall). 

This  question  has  been  the  subject  of  extensive  research  in  recent  years, 
since  it  limits  the  Reynolds  numbers  at  which  LES  of  wall-bounded  flows  can 
be  used  in  practice.  A  recent  informal  summary  is  [3].  What  is  required  is  an 
estimate  for  the  wall  stress,  as  a  function  of  the  filtered  velocities,  which  can 
be  implemented  either  by  using  a  special  sub-grid  model  near  the  wall,  or  by 
modifying  the  velocity  boundary  condition  in  such  a  way  that  the  model  used 
for  the  interior  points  also  gives  the  right  wall  stresses.  The  problem  is  worst 
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in  attached  flows,  and  may  actually  not  be  relevant  otherwise.  Consider  the 
momentum  balance  in  a  control  volume  one  of  whose  boundaries  is  the  wall. 
Assume  that  the  volume  is  roughly  cubical,  of  size  O(^),  and  that  the  filtered 
velocity  fluctuations  are  The  rate  of  change  of  momentum  is  the  sum 

of  the  advective  fluxes,  which  are  of  the  pressure  gradients,  which  are 

at  least  of  the  same  order,  and  of  the  subgrid  and  viscous  stresses,  which  at  the 
wall  are  The  latter,  which  are  the  subject  of  the  boundary  condition,  are 

only  important  if  u'  <  0(ur).  This  happens  in  attached  equilibrium  flows,  where 
2i'  «  Ur,  and  may  also  be  true  in  reattaching  or  far  from  equilibrium  flows,  where 
thin  and  energetic  boundary  layers  create  large  surface  stresses  that  may  need 
special  treatment.  It  is  not  true  in  flows  close  to  separation,  where  Ur  <  u',  and 
where  even  large  surface  stress  errors  may  be  acceptable. 

In  equilibrium  attached  flows  there  are  also  reasons  to  believe  that  the  prob¬ 
lem  is  tractable.  The  discussion  of  roughness  in  the  previous  section  suggests 
that  even  such  drastic  changes  in  the  wall  boundary  conditions  as  the  change 
from  smooth  to  fully  rough  surfaces  have  small  effects  in  the  flow  far  enough  from 
the  wall.  This  is  especially  true  when  the  Reynolds  number  is  high,  which  is  the 
natural  application  of  LES,  but  it  does  not  mean  that  the  boundary  condition 
can  be  arbitrary.  It  is  for  example  clear  that,  in  the  derivation  from  equation 
(1)  of  the  logarithmic  law 


u'^  =  K,  ^  log  7/^  +  A,  (5) 

the  logarithm  itself,  and  probably  the  Karman  constant  k  depend  only  on  uni¬ 
versal  properties  of  turbulence,  but  that  the  additive  constant  A  is  determined 
by  a  near-wall  layer  where  (1)  no  longer  applies.  This  suggest  that,  if  we  use  the 
wrong  wall  boundary  condition  for  the  LES  equations,  most  of  the  flow,  except 
for  the  first  few  grid  points  close  to  the  wall,  and  for  the  additive  constant  in 
the  mean  velocity  profile,  might  be  correct.  It  might  then  be  possible  to  fix  the 
latter  by  the  a-posteriori  application  of  a  suitable  RANS  model. 

Unfortunately  the  issue  is  clouded  by  numerical  effects.  In  the  first  place, 
except  for  very  high  order  numerical  schemes,  the  first  few  points  near  the  wall 
are  wrong  in  any  case,  because  the  effective  resolution  of  the  numerical  methods 
is  never  better  than  a  few  grid  points.  Numerical  errors  get  confused  with 
modelling  inadequacies.  Consider  the  pipes  and  channels  summarized  in  figure  3. 
The  velocity  profiles  away  from  the  wall  can  be  characterized  by  the  magnitude 
of  their  wake  parameter  11,  where  the  profile  is  written  in  the  form  [4] 

u+  -  «+„,  «-Mlog{2//5)  +  G{y/S)],  (6) 

with  G{x)  =  {14-  6n).T^  -  (1  4-  4n)a:^  -  2II.  The  open  symbols  in  figure  3  are 
results  either  from  experiments  or  from  direct  simulations.  The  wake  parameters 
of  pipes  decrease  from  relatively  high  values  at  low  Reynolds  numbers  to  an 
asymptote  above  Rcr  «  10'^.  Those  of  channels  increase  from  near  zero  at  low 
Reynolds  numbers  to  converge  with  those  of  the  pipes  at  about  the  same  Rcr . 
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Figure  3;  Wake  component  of  mean  velocity  profiles,  o  ,  smooth  cliaimels;  v  , 
smooth  and  rough  pipes.  Solid  symbols  are  LES  of  channels.  ■  ,  ‘dynamic’ 
houndary  condition,  finite  differences  [3];  +,  same,  but  with  modified  boundary 
viscosity.  A  ,  resolved  boundary,  B-splines  [14];  +,  resolved  boundary,  finite 
differences  filtered  at  2  Ax  [16].  •  ,  same,  filtered  at  3A.7:.  This  figure  is  adapted 
from  [3]. 


The  solid  triangle,  which  agrees  with  experiments,  is  a  LES  using  a  high-order 
nuinerical  method  and  a  mnltiblock  grid  which  resolves  the  near-wall  layer.  The 
two  solid  sciuares  use  second-order  finite  differences,  and  a  fairly  sophisticated 
wall  ])oniidary  condition;  they  have  incorrect  wake  parameters  consistent  with 
a  lower  Reynolds  number.  That  the  problem  is  not  with  the  boundary  condi¬ 
tions  is  suggested  by  the  asterisks,  which  use  the  same  code  but  a  fairly  different 
boundary  condition,  and  still  have  the  same  incorrect  profiles.  An  interesting  ex¬ 
periment  is  represented  by  the  solid  circle  and  the  cross  [16].  These  authors  argue 
that  the  dynamic  sub-grid  model,  which  is  the  one  used  in  fill  the  Simula tions  in 
this  figure’,  is  based  on  information  from  the  last  octave  of  the  velocity  spectrum, 
and  should  not  be  used  with  low-order  finite-different  methods.  Second-order 
sclKanes,  for  example,  have  large  dispersion  errors  in  the  last  two  thirds  of  theur 
spectra,  resulting  in  small  scales  which  are  presumably  imphysical.  What  the 
authors  did  in  [16]  was  to  use  a  second-order  finite  difference  scheme,  but  to 
filter  it  explicitly  to  discard  the  contaminated  wavenumbers.  In  th(^  simulation 
repr(!sent  with  the  cross,  th(’.  last  half  of  the  spectrum  was  discarded,  which  was 
insufficient,  while  for  the  (correct)  solid  circle  th(^  full  contaminated  twothirds 
were  filtered  out. 
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1  Introduction 

It  has  been  recognized  that  tubular  fine-scale  swirling  vortices  exist  commonly 
in  all  kinds  of  turbulent  flows  and  that  they  play  important  roles  in  turbulence 
dynamics  such  as  the  enhancement  of  diffusion  and  mixing.  The  characterization 
and  definition  of  such  vortices,  however,  are  not  unique  but  there  have  been 
proposed  a  lot  of  identification  methods  (see  [1,  2,  3,  4]  and  references  therein). 
Although  different  in  detail,  the  objects  identified  by  different  methods  share 
some  common  features.  They  are  localized  in  elongated  tubular  regions  of  high 
vorticity,  the  length  of  which  is  of  order  of  the  integral  scale  and  the  diameter  of 
the  cross-section  is  several  times  the  Kolmogorov  length.  The  Reynolds  number 
dependence  of  the  intensity  of  vorticity  and  circulation  associated  with  vortices 
were  also  examined  in  some  detail  [1]. 

In  this  paper  we  discuss  further  the  physical  properties  of  tubular  vortices 
and  their  dynamical  roles  in  terms  of  the  low-pressure  vortex  which  we  have 
recently  introduced  [3,  5,  6].  The  concept  of  low-pressure  vortex  is  recapitulated 
in  §2.  Their  physical  structures  are  anatomized  for  a  forced  isotropic  turbulence 
in  §3.  The  role  of  vortices  in  turbulent  diffusion  process  is  discussed  in  §4. 


2  Low-Pressure  Vortex 

In  view  of  the  importance  of  tubular  swirling  vortices  in  turbulence  it  is  highly 
desirable  to  find  the  way  to  capture  the  real  image  of  them.  They  accompany 
with  (i)  high  vorticity,  (ii)  low  pressure,  and  (iii)  swirling  motions  around  them. 
The  first  of  these  characteristics  has  been  frequently  stressed  by  many  authors  to 
visualize  tubular  vortices  with  the  iso-surface  representation  of  high  vorticity  in 
various  kinds  of  turbulence.  Not  to  mention  that  the  isosurface  representation 
often  gives  completely  different  pictures  of  the  structure  depending  upon  the 
level  of  threshold,  the  ‘structure’  of  high- vorticity  magnitude  is  not  necessarily 
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parallol  to  tluj  vorticity  vector  therein.  This  deviation  problem  is  not  so  apparent 
for  a  strong  vortex  in  isotropic  turbulence  of  vanishing  mean  vorticity,  l)ut  may 
l)ecome  serious  in  strongly  sheared  turbulence.  In  the  latter,  the  vorticity  tends 
to  orient  to  the  mean  shear  vorticity  irrespective  of  the  direction  of  vortices. 
R.ecall  that  the  vorticity  does  not  necessarily  represent  a  swirling  motion  though 
it  certainly  represents  rotation  of  a  fluid  element. 

The  second  and  third  of  the  above  features  are  taken  by  Mima  and  Kida 
[3].  They  introdiuted  the  low-jnessure  vortex,  the  axis  of  which  is  defined  by  the 
sectional  minimum  lines  of  pressure  with  a  swirl  condition.  See  Refs.  [5,  6]  for 
its  application  to  isotropic  and  uniformly  sheared  turbulence,  which  includes  the 
skeleton  representation  of  tuiTiilent  flows,  the  comparison  with  other  visualiza¬ 
tion  methods,  an  automatic  chasing  scheme  of  a  particular  vortex,  the  pliysical 
and  dynamical  properties  of  the  vortex  itself.  In  the  following  new  analysers 
related  with  the  low-press\ire  vortex  are  presented. 

Since  the  axis  of  a.  low-pressure  vortex  is  defined  by  the  sectional  minimum 
lines  of  pressure,  it  may  bc^  natural  to  define  the  core  as  the  region  in  which 
j)ressure  is  concave  in  radial  directions,  i.e.  d~'pldv"  >  0.  ^  A  Burgers  voitex 
tube,  which  is  realized  in  an  axi-syinmctric  stagnation  flow  (v/.,-  =  —  ‘ii-o  —  0, 
(i.  =  (Yz,  wh(a‘('  rv  is  a  positive  constant),  has  only  the  z  component  of  voiticity, 
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Ill  order  that  the  pressure  may  take  a  minimum  on  the  vortex  axis,  eq.  (2) 
must  be  positive  at  r  =  0,  that  is,  the  vortex  Reynolds  number  T/zz  >  47r.  This 
means  that  a  Burgers  vortex  of  T/zz  <  47r  is  not  be  able  to  be  captured  as  a 
low-pressure  vortex.  The  boundary  surface  of  tin;  \^ortex  core  is  given  by  z',.  on 
which  d'-p/dr-  =  0.  It  is  a  function  of  T/zz  and  shown  in  Figure  1.  In  the  limit 
of  large  R.eynolds  number  F/u  oo,  we  find  Vc  ->  lAS\/iy/a  (=  r,co,  say), 
which  corresponds  to  that  of  the  Oseen  decaying  vortex.  The  azimuthal  velocity 
uo  takes  a  maximum  at  '/■*  ^  2.24>/ z//a:  which  is  1.51  times  of 'zv.oo-  Incidentally, 
the  c^/--fold  radius  of  vorticity  is  Vy  =  ^  Q.OCz-coo- 


I'riii.s  (Icfinilion  ofeoro  size  is  difroront,  from  [5],  whoro  ii  swirl  condition  is  n.sod  for  simplicity. 
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Figure  1:  Dependence  of  the  radius  Tc  of  a  Burgers  vortex 
on  the  vortex  Reynolds  number  F/z/. 


3  Structure  of  low-pressure  vortex 

Here,  we  examine  the  physical  properties  of  low-pressure  vortices  in  a  forced 
numerical  turbulence  of  an  incompressible  viscous  fluid.  It  is  simulated  by  the 
spectral  method  in  a  periodic  box  with  period  27r  in  three  orthogonal  directions. 
The  flow  is  forced  by  keeping  the  magnitude  of  the  Fourier  coefficients  at  small 
wavenumbers  (|k|  <  %/8)  constant  in  time  but  by  allowing  their  phases  to  change. 
The  resolution  of  the  simulation  is  =  256^.  Starting  with  an  arbitrary 
initial  condition,  the  simulation  is  performed  over  several  ten  characteristic  times 
(=  ^/e,  where  ^  and  e  are  respectively  the  turbulence  energy  and  its  dissipation 
rate  per  unit  mass)  so  that  the  velocity  field  is  in  a  statistically  stationary  state 
of  fully  developed  turbulence  with  the  Reynolds  number  Re\  =  57,  the  Taylor 
micro-scale  length  A  =  1.9 Ax-,  and  the  Kolmogorov  length  =  1.3 Ax,  where 
Ax  is  the  grid  width.  In  Figure  2  we  show  a  snapshot  of  low-pressure  vortices  in 
a  one-eighth  of  the  simulation  box.  There  are  413  vortices  in  this  domain.  The 
axes  are  represented  by  black  lines.  The  cores  of  five  longest  vortices  are  drawn 
by  gray  surfaces.  The  diameter  of  the  core  cross-section  distributes  around  lOAx. 
The  length  of  the  longest  vortex  is  about  140A.t. 

Inside  of  each  vortex  core  the  vorticity  is  more  or  less  parallel  to  the  axis. 
A  strong  vortex  tube,  on  the  other  hand,  may  generate  vortex  layers  of  high 
cross-axial  component  of  vorticity  around  it  by  stretching,  tilting  and  wrapping 
of  surrounding  background  vorticity  [7].  In  Figure  3  we  plot  the  axial  and  cross- 
axial  components  of  vorticity  in  a  cross-section  of  a  low-pressure  vortex  which  is 
the  longest  one  drawn  in  figure  3.  The  axial  component  of  vorticity  is  dominant 
around  the  vortex  core,  whereas  the  cross-axial  component  takes  large  values 
in  an  annular  region  surrounding  the  core.  Low  intensity  of  the  cross-axial 
component  at  the  center  is  due  to  the  viscous  canceling  of  it  enhanced  by  the 
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Figure  2:  Low-pressure  vortices 
in  a  forced  turbulence.  All  the 
vortex  axes  and  five  selected 
cores  are  shown  respectively  by 
black  lines  and  gray  surfaces  in 
a  one-eighth  of  the  simulation 
box.  The  side-length  of  the  cube 
spans  over  170^/^.  Rex  —  57 


strong  swirling  shear,  which  is  the  phenomenon  known  as  the  expulsion  of  normal 
vorticity  [7].  The  volume  in  which  the  cross-axial  component  of  vorticity  takes 
significant  values  is  wider  than  that  of  the  axial  component.  It  is  anticipated 
that  this  trend  is  augmented  more  and  more  at  larger  values  of  Reynolds  number 
and  that  the  cross-axial  component  may  eventually  give  a  dominant  contribution 
in  energy  dissipation  in  the  large  Reynolds  number  limit  [8]. 


Figure  3:  Structure  of  a  low-pressure  vortex,  (left  panel)  Contours  of  axial 
component  of  vorticity  in  a  cross-section  of  the  longest  vortex  in  Figure 
2.  The  threshold  is  greater  than  10  in  the  dark  shade,  and  negative  in 
white,  (right  panel)  Same  as  the  left  panel  for  cross-axial  component  of 
vorticity.  The  threshold  is  greater  than  2.5  in  the  dark  shade,  and  less 
than  1  in  white.  Note  that  a  hole  of  small  values. 
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4  Relative  diffusion  and  low-pressure  vortices 


Relative  diffusion  of  a  pair  of  particles  is  fundamental  in  the  diffusion  problem. 
It  is  expected  by  a  purely  statistical  argument  that  the  mean  distance  \/ (r-^) 
between  two  particles  increases  in  time  exponentially  as  log-s/ (r^)  oc  y/e/iy  t  if 
is  in  the  dissipation  scale,  algebraically  as  \/{r^)  oc  if  is 

in  the  inertial  scale,  and  increases  as  yj (r^)  a  if  \/ (r^)  is  greater 

than  the  integral  scale. 

In  order  to  investigate  the  role  of  tubular  swirling  vortices  in  the  relative 
diffusion  we  performe  a  direct  numerical  simulation  of  passive  particles  in  a 
forced  turbulence  described  in  the  preceding  section  but  with  less  resolution 

—  128'h  A  fully  developed  turbulence  is  used  for  the  initial  condition  of  this 
study.  Trajectories  of  128^  particles  are  integrated  numerically  starting  at  all 
the  grid  points.  The  probability  density  function  (PDF)  of  the  distance  of  pairs 
of  particles  which  were  located  at  grid  points  nearest  to  each  other  at  the  initial 
instant  is  calculated.  The  initial  delta  function  of  the  PDF  spreads  in  time.  It  is 
nearly  Gaussian  both  at  the  early  stage  of  evolution  in  which  the  mean  distance 
is  of  order  of  the  Kolmogorov  length  and  at  the  late  stage  in  which  it  is  beyond 
the  integral  scale.  Between  these  two  stages  the  PDF  is  skewed  from  a  Gaussian 
and  has  a  longer  tail  on  the  small  distance  side.  The  temporal  evolution  of  the 
mean  distance  is  drawn  in  Figure  4.  The  time  and  length  are  normalized  by 
Sje  —  4.4  and  =  0.03.  The  behavior  mentioned  above  is  actually  realized. 

Tubular  vortices  induce  swirling  shear  motions  around  them,  which  should 
affect  the  diffusion  properties.  Particles  near  a  vortex  may  stay  sometime  rotat¬ 
ing  around  it.  Therefore  relative  movement  of  tubular  vortices  themselves  may 
give  substantial  influences  to  the  diffusion  process.  One  of  the  influences  of  the 
tubular  vortices  at  earlier  stages  of  evolution  is  demonstrated  in  Figure  5.  Here, 
the  positions  of  pairs  of  particles  whose  distance  is  less  than  the  mean  by  three 


Figure  4;Temporal  evo¬ 
lution  of  the  mean  dis¬ 
tance  between  pairs  of 
particles.  (  )  denotes 
the  average  over  all 
particles.  The  initial 
separation  distance  of 
all  the  pairs  is  1.5//,-. 
Rex  =  55. 
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times  the  standard  deviation  are  plotted.  The  vortices  play  important  roles  in 
diffusion  by  trapping  pairs  of  particles  and  advect  them  together. 


Figure  5:  Trapped  pairs  of  par¬ 
ticles.  The  core  of  a  low- 
pressure  vortex,  the  iso-surface 
of  the  Laplacian  of  pressure, 
and  the  positions  of  pairs  of 
close  particles  are  shown  by 
black  and  light-gray  surfaces 
and  dark-gray  points,  respec¬ 
tively.  The  side-length  of  the 
cubic  box  is  30  meshes. 


The  author  would  like  to  express  his  hearty  gratitude  to  Dr.  S.  Goto  for  his 

cooperation  in  the  simulation  study  presented  in  §4. 

References 

[1]  J.  Jimenez,  A. A.  Wray,  P.G.  Saffman  and  R.S.  Rogallo.  The  structure  of 
intense  vorticity  in  isotropic  turbulence.  J.  Fluid  Mech.,  255:65-90,  1993. 

[2]  J.  Jeong  and  F.  Hussain.  On  the  identification  of  vortex.  J.  Fluid  Mech., 
285:69-94,  1995. 

[3]  H.  Miura  and  S.  Kida.  Identification  of  tubular  vortices  in  turbulence.  J. 
Phys.  Soc.  Japan,  66:1331-1334,  1997. 

[4]  M.  Tanahashi,  T.  Miyauchi  and  J.  Ikeda.  Scaling  law  of  coherent  fine  struc¬ 
ture  in  homogeneous  isotropic  turbulence.  Proc.  11th  Symp.  on  Turbulent 
Shear  Flows,  1:4-17  -  4-22,  1997. 

[5]  S.  Kida  and  H.  Miura.  Identification  and  analysis  of  vortical  structures.  Eur. 
J.  Mech.  B/Fluids,  17:471-488,  1998. 

[6]  T.  Adachi,  H.  Miura  and  S.  Kida.  Automatic  Chase  of  Low-Pressure  Vortex 
Axes.  J.  Plasma  and  Fusion  Res.  Ser.  Vol.  2.  Proc.  9th  Int.  Toki  Conf. 
339-342,  1999. 

[7]  G.  Kawahara,  S.  Kida,  M.  Tanal<a  and  S.  Yanase.  Wrap,  tilt  and  stretch  of 
vorticity  lines  around  a  strong  thin  straight  vortex  tube  in  a  simple  shear 
flow.  J.  Fluid  Mech.,  353:115-162,  1997. 

[8]  G.  Kawahara,  S.  Kida,  S.  Yanase.  and  M.  Tanalca.  Energy  dissipation  in 
spiral  vortex  layers,  in  this  Volume,  2000. 


XXI 


Direct  Numerical 
Simulation 

Large  Eddy  Simulation 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Appearance  and  Alignment  with  Strain 
Rate  of  Coherent  Fine  Scale  Eddies  in 
Turbulent  Mixing  Layer 

M.  Tanahashi^  S.  Iwase^  and  T.  Miyauchi^ 

^Department  of  Mechano- Aerospace  Engineering,  Tokyo  Institute  of  Technology, 
2-12-1  Ookayama,  Meguro-kii,  Tokyo  152-8552,  Japan 

Contact  e-mail:  mtanahas@mes.titech.ac.jp 

1  Introduction 

With  the  transition  to  turbulence,  many  fine  scale  eddies  appear  in  turbulent 
mixing  layer[l].  Our  previous  studies  [2]  show  that  these  fine  scale  eddies  show 
tube-like  features  and  their  properties  such  as  diameter  and  azimuthal  veloc¬ 
ity  well  coincide  with  those  of  the  fine  scale  eddies  in  homogeneous  isotropic 
turbulence [3]  [4]  [5].  The  most  expected  diameter  and  maximum  azimuthal  ve¬ 
locity  of  the  fine  scale  eddies  are  Srj  and  0.5urms-  Since  mean  shear  exists  in 
the  turbulent  mixing  layer,  there  is  a  possibility  that  strain  rate  on  the  fine 
scale  eddies  is  quite  different  from  that  in  homogeneous  isotropic  turbulence. 
The  investigations  of  their  appearance  and  the  alignment  with  the  strain  rate 
would  lead  to  an  understanding  of  the  detailed  mechanism  of  the  transition  to 
turbulence. 

2  Strain  rate  on  coherent  fine  scale  eddies 

The  DNS  of  a  temporally  developing  turbulent  mixing  layer  has  been  conducted 
by  using  spectral  methods  in  all  directions.  Calculation  domain  was  selected  to 
be  4A  X  6A  x  8/3 A  and  grids  points  are  216  x  325  x  144,  where  A  is  the  most 
unstable  wavelength  for  initial  mean  velocity  distribution.  We  analyzed  the  DNS 
data  at  different  time:  t  =  65,  85,  105,  125,  where  ^  =  65  corresponds  to  the 
onset  of  mixing  transition.  At  the  fully-developed  state  [t  =  125),  Reynolds 
number  based  on  momentum  thickness  is  1048. 

Figure  1  shows  the  contour  surface  of  positive  second  invariant  [Q  =  {WijWij- 
SijSij)/2)  at  different  time.  On  the  occasion  of  transition  to  turbulence,  the 
number  of  the  fine  scale  eddies  is  obviously  increasing.  The  high  density  region 
of  the  fine  scale  eddies  corresponds  to  so-called  large  scale  coherent  structure  in 
the  turbulent  mixing  layer [6].  By  applying  a  new  identification  scheme  based 
on  local  flow  pattern  [2],  we  identified  center  of  the  coherent  fine  scale  eddies 
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Fig'uro  1;  Contour  surfaces  of  positive  second  invariant  normalized  by  1)  and 
=  0.03).  (a):  t  =  85,  (b):  t  =  105  and  (c):  t  =  125. 


Figure  2:  Probability  density  functions  of  strain  rates  at  the  center  of  coherent 
fine  scale  eddy. 


Figure  3:  Probability  density  functions  of  strain  rates  in  the  whole  region. 


and  calculated  the  eigen  values  of  strain  rate  tensor  at  the  center  of  coherent 
fine  scale  eddies.  Figure  2  shows  the  probability  density  function  of  the  eigen 
values.  The  eigen  values  a,  and  7  denote  the  maximum,  intermediate  and 
minimum  eigen  value  respectively  and  HIT  shows  the  result  obtained  in  homo¬ 
geneous  isotropic  turbulence  with  Re\  =  87,9.  All  eigen  values  are  normalized 
by  Taylor  micro  scale  (A)  and  u,ni.s,  which  is  denoted  by  +.  In  the  case  of  tur¬ 
bulent  mixing  layer,  A  and  u,,.nis  al  the  center  of  the  mixing  layer  are  used.  For 
comparison,  the  pdfs  of  the  eigen  values  in  the  whole  region  are  shown  in  Fig. 
3.  The  pdfs  of  the  eigen  values  in  the  whole  region  denote  that  the  turbulence 
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Figure  4:  Definition  of  angles  between  rotating  axis  and  eigen  vectors  of  strain 
rate. 


vectors  at  the  center  of  coherent  fine  scale  eddies. 

field  are  dominated  by  a  plane  shear.  However,  at  the  center  of  the  coherent  fine 
scale  eddies,  particular  behavior  of  the  eigen  values  can  be  observed.  With  the 
transition  to  turbulence,  the  most  expected  7+  decreases  and  reaches  to  1.0  and 
that  of  tends  to  increase,  although,  the  most  expected  7+  and  in  whole 
region  is  about  0.25  and  -0.25  respectively  (Fig.  3(a)(c)).  This  means  that  at 
the  center  of  coherent  fine  scale  eddies,  large  strain  rates  which  are  four  times  of 
mean  strain  rate  act  on  the  coherent  fine  scale  eddy.  The  pdf  of  j8'^  skews  into 
the  positive  portion.  The  pdfs  in  the  fully-developed  state  well  coincide  with 
those  in  homogeneous  isotropic  turbulence  where  the  eigen  values  can  be  scaled 
by  A  and  Wrms- 

The  angles  between  the  eigen  vectors  of  the  strain  rate  and  rotating  axis  are 
defined  in  Fig.  4,  where  ei,  62  and  63  represents  the  eigen  vectors  of  a,  ^  and 
7  respectively.  The  pdfs  of  these  angles  are  shown  in  Fig.  5.  For  comparison, 
same  plots  for  the  angles  between  vorticity  vector  and  eigen  vectors  in  the  whole 
region  are  shown  in  Fig.  6.  At  the  center  of  the  coherent  fine  scale  eddies, 
possibilities  for  9  =  90°  and  =  20°  are  pronounced.  This  tendency  does  not 
depend  upon  time,  which  implies  that  coherent  fine  scale  eddies  that  appears  in 
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Figure  6;  Probability  density  functions  of  the  angles  between  vorticity  vectors 
and  eigen  vectors  of  strain  rate  in  the  whole  flow  field. 


the  early  state  of  the  transition  have  quite  similar  characteristics  with  those  in 
the  fully-developed  state. 

3  Conclusions 

In  this  study,  strain  rate  acting  on  coherent  fine  scale  eddies  in  turbulent  mixing 
layer  is  investigated.  At  the  center  of  coherent  fine  scale  eddies,  eigen  values  of 
the  strain  rate  tensor  are  of  the  order  of  /q-in.s/A.  With  the  transition  to  turbu¬ 
lence,  the  most  expected  maximum  and  minimum  eigen  value  slightly  increases 
and  decreases  respectively.  The  eigen  vector  of  the  minimum  eigen  value  tends  to 
be  perpendicular  to  the  axis  and  the  most  expected  angle  between  rotating  axis 
and  eigen  vector  of  intermediate  eigen  value  is  about  20  degrees.  In  the  fully- 
developed  state,  these  characteristics  of  coherent  fine  scale  eddies  in  turbulent 
mixing  layer  are  well  coincide  with  that  of  homogeneous  isotropic  turbulence. 
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A  new  method  for  direct  numerical  simulation  (DNS)  of  turbulent  flow  over 
arbitrarily  shaped  bodies,  based  on  cartesian  grids,  is  used  to  compute  the  flow 
around  a  circular  cylinder.  Several  test  cases  computed  with  this  approach  show 
good  agreement  with  calculations  performed  with  body  fitted  grids.  DNS  data 
of  the  flow  around  a  cylinder  at  a  Reynolds  number  of  3900  are  presented  and 
compared  with  numerical  and  experimental  data  of  other  authors. 


1  Motivation 

Flow  across  a  circular  cylinder  is  one  of  the  classical  flow  problems  which  are  not 
understood  in  all  details.  At  a  Reynolds  number  based  on  freestream  velocity  and 
diameter  of  3900,  which  is  low  for  most  technical  applications,  the  flow  is  already 
very  complex,  see  fig.  1.  It  is  characterized  by  laminar  separation,  transition  to 
turbulence  in  the  free  shear  layers  leaving  the  body  and  shedding  of  large-scale 
vortices.  All  these  flow  features  can  be  properly  resolved  and  predicted  in  an 
efficient  manner  by  a  Navier-Stokes  code  based  on  cartesian  grids. 

The  possibility  to  predict  flows  over  arbitrarily  shaped  bodies  with  cartesian 
grids  is  very  attractive,  since  typically  a  cartesian  code  is  between  10  to  30  times 
more  economical  in  terms  of  both  CPU  time  and  memory  requirements  when 
compared  to  a  code  for  general  curvilinear  coordinates  [7].  One  can  thus  afford 
to  do  a  computation  with  higher  grid  resolution  and  still  achieve  appreciable 
savings  in  computational  resources.  Another  important  aspect  is  the  complete 
elimination  of  the  need  to  produce  a  body-fitted  grid,  a  task  that  is  not  trivial 
and  in  general  consumes  an  important  amount  of  time. 
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Figure  1:  Instantaneous  spanwise  velocity  isosurface 


2  Numerical  approach 

The  code  MGLET,  used  here,  is  based  on  a  finite  volume  formulation  of  the 
Navier-Stokes  equations  on  a  staggered  cartesian  nomequidistant  grid.  The  spa¬ 
tial  discretization  is  central  and  of  second  order  accuracy  for  the  convective 
and  diffusive  terms.  For  the  time  advancement  of  the  momentum  equations, 
an  explicit  second-order  time  step  is  used.  The  pressure  solver  uses  a  multigrid 
method  based  on  a  point- wise  velocity-pressure  iteration. 

The  present  cartesian  grid  method  [10]  uses  the  following  algorithm  to  treat 
an  arbitrary  body.  The  pressure  cells  crossed  by  the  surface  of  the  body  are 
“blocked”  and  do  not  contribute  to  the  computation.  Also,  the  velocity  com¬ 
ponents  defined  on  the  surfaces  of  these  cells  are  blocked.  To  represent  the 
influence  of  the  body  onto  the  fluid,  the  blocked  velocity  components  are  inter¬ 
polated/extrapolated  using  Lagrangian  polynomials  and  satisfying  the  no-slip 
and  impermeability  conditions  at  the  surface  to  a  desired  degree  of  accuracy.  At 
each  time  step,  the  blocked  velocity  components  are  re-interpolated/extrapolated 
and  act  as  Dirichlet  boundary  conditions. 

The  explicit  time  advancement  scheme  for  the  momentum  equations  permits 
us  to  treat  the  blocked  cells  in  the  same  way  as  the  other  cells  i.e.  all  velocity 
cells  are  advanced  in  time  in  the  same  manner.  For  each  open  pressuie  cell,  a 
pressure  correction  is  computed  so  that  the  divergence  is  driven  to  zero.  Foi  the 
blocked  pressure  and  velocity  cells,  no  correction  is  applied.  The  total  oveihead 
in  computational  time  produced  by  the  introduction  of  the  present  method  is 
less  than  10%. 

The  method  has  been  validated  for  a  number  of  laminar  cases.  Second  order 
accuracy  has  been  demonstrated  for  the  cylindrical  Couette  flow,  and  excellent 
agreement  with  other  numerical  experiments  was  obtained  for  steady  and  un¬ 
steady  flows  over  a.  cylinder  as  studied  by  Schafer  et  al.  [9] 

3  DNS  of  flow  around  a  cylinder  at  Re  =  3900 

The  flow  around  a  cylinder  at  Re=3900  has  been  investigated  experimentally  by 
Ong  and  Wallace  [8],  and  Lourenco  and  Shih  [5].  Recently,  a  DNS  was  performed 
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by  Ma  et  al.  [6].  LES  computations  were  presented  by  Breuer  [2],  Pi'ohlich  et 
al.  [3],  Beaudan  and  Moin  [1]  and  by  Kravchenko  and  Moin  [4]. 

Our  computational  domain  is  20  diameters  long  in  the  streamwise  direction, 
with  the  center  of  the  cylinder  being  5  diameters  downstream  of  the  inflow  plane. 
In  the  normal  direction,  the  domain  size  is  also  20  diameters.  The  spanwise 
dimension  of  the  domain  was  chosen  to  be  ttD,  which  corresponds  to  the  size 
used  by  previous  authors.  A  uniform  inflow  is  prescribed,  and  periodicity  is 
used  in  the  normal  and  spanwise  directions.  A  zero-gradient  outflow  condition 
is  prescribed.  The  mesh  was  generated  such  that  its  size  is  of  the  same  order  of 
magnitude  as  the  average  Kolmogorov  length  scale  in  the  plane  normal  to  the 
cylinder  axis.  Around  425000  cells  are  needed  in  this  plane.  In  the  spanwise 
direction,  112  cells  were  used,  so  that  the  total  number  of  cells  is  around  48 
million.  The  explicit  leap-frog  method  was  used  to  advance  the  flow  field  in  time 
with  a  maximum  Courant  number  of  about  0.3.  The  calculation  was  performed 
on  8  processors  of  the  Fujitsu  VPP700.  With  a  mean  performance  of  7  GFlops, 
each  time  step  requires  10  seconds.  Starting  from  a  uniform  flow  field,  the 
solution  was  advanced  for  100  problem  times,  based  on  the  diameter  and  the 
inflow  velocity.  Statistics  were  then  gathered  for  about  300  additional  problem 
times.  The  results  are  presented  for  first  and  second  order  statistics. 

The  upper  left  diagram  of  fig. 2  contains  the  mean  streamwise  velocity  along 
the  centerline.  There  is  excellent  agreement  of  our  DNS  data  with  the  experiment 
in  the  near  and  far  wake.  The  vertical  profile  of  the  variance  of  the  streamwise 
velocity  fluctuation  at  X  ^  D  (upper  right)  reflects  the  proper  peak  values  in 
the  free  shear  layers  and  agrees  well  with  the  profile  obtained  by  Ma  et  al.  [6]. 
The  Reynolds  shear  stress  profiles  at  two  downstream  positions  (lower  left  and 
right  diagrams)  reveal  the  right  structural  changes  of  the  mean  flow  in  the  near 
wake  region.  At  ^  D,  the  overall  shape  of  the  shear  stress  is  in  agreement 
with  the  experiment  and  the  results  of  Ma  et  al.  [6].  The  LES  data  of  [4]  on  the 
other  hand  underpredict  the  peak  Reynolds  stresses. 

4  Conclusion 

A  DNS  of  the  transitional/turbulent  flow  over  a  cylinder  at  Re  =  3900  has  been 
conducted.  It  demonstrates  the  capability  of  the  cartesian  method  to  provide 
reliable  solutions  in  an  efficient  way  for  flows  around  bodies  of  arbitrary  shape. 
If  one  takes  into  account  certain  deficiencies  in  the  experimental  data  (lack  of 
symmetry),  the  present  DNS  data  provide  an  accurate  prediction  of  the  flow  and 
are  in  close  agreement  with  the  DNS  data  of  Ma  et  al.  [6]. 
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1  Introduction 

Turbulent  transport  computations  for  fully-developed  turbulent  pipe  flow  were 
carried  out  by  means  of  a  direct  numerical  simulation  (DNS)  procedure.  To  in¬ 
vestigate  the  eftect  of  Reynolds  number  on  the  turbulent  sturcures,  the  Reynolds 
number  based  on  a  friction  velocity  and  a  pipe  radius  was  set  to  be  Rct  = 
150, 180,360,500, 1050.  The  number  of  maximum  computational  grids  used  for 
Rcj  =  1050  is  1024  X  512  X  768  in  the  2-,  r-and  0  -directions,  respectively. 
The  friction  coefficients  are  in  good  agreement  with  the  empirical  correlation. 
The  turbulent  quantities  such  as  the  mean  flow,  turbulent  stresses,  turbulent 
kinetic  energy  budget,  and  the  turbulent  statistics  were  obtained  by  previous 
our  DNS(Satake  et  ah,  1999) [6].  It  is  found  that  the  turbulent  structures  are 
dependent  at  these  Reynolds  numbers. 


2  Numerical  Procedure 

The  DNS  code  can  numerically  solve  the  incompressible  Navier-Stokes  and  con¬ 
tinuity  equations  described  in  cylindrical  coordinate  using  a  second-order  finite 
volume  discretization  scheme  with  the  radial  momentum  flux  formulation.  These 
equations  are  integrated  in  time  by  using  the  fractional-step  method  with  Crank- 
Nicholson  and  a  modified  third-order  Runge-Kutta  scheme.  In  our  previous 
study  regarding  the  turbulent  pipe  flow  (Satake  and  Kunugi,[4],[5]),  this  DNS 
code  has  been  shown  in  good  agreement  with  the  existing  DNS  results. 
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3  Computational  conditions 

The  computational  domain  of  the  fully  developed  turbulent  pipe  flow  is  shown 
in  Fig.  1.  The  number  of  grid  points,  the  Reynolds  number  and  grid  resolutions 
summarized  in  Table  1.  To  perform  a  DNS  with  a  highest  Reynolds  number  in 
this  study,  a  highest  grids  size  of  1024  x  512  x  768  is  adopted  for  84GB  main 
memory  as  64  PEs  on  a  vector-parallel  computer  Fujitsu  VPP  700E  at  RIKEN. 


4  Results  and  Discussions 

In  comparison  with  previous  DNS  and  experimental  data,  the  mean  velocity 
profiles  are  shown  in  Fig.  2.  At  /?e7-  =  180  {Reij  =  5300),  the  present  DNS  are 
in  excellent  agreement  with  those  of  DNS  by  Eggels  et  al.  (1994)  and  with  the 
experimental  data  by  Durst  et  al.  (1996).  The  present  results  except  Rer  =  1050 
also  agree  with  the  experimental  data  obtained  by  Durst  et  al.  (1996).  At  Rcr  = 
1050  {Ret,  =40000),  the  present  DNS  is  in  excellent  agreement  with  those  of  the 
experimental  data  by  Laufer  (1954).  Figure  3  shows  the  contour  of  the  low  speed 
streaky  structures  (i/A  <-3.5)and  second  invariant  of  velocity  gradient  tensor 
(G+  <0.008).  Its  are  normalized  by  n  and  ut.  The  volume  visualized  obtained 
as  cutting  volume  (z"*"  =985, 7/+  =  R^  -  =  1050,'r ’^0=536)  for  Rcr  =1050 

from  full  computational  volume  (Tt  =15750, =1050,  L+0=6597). 
The  many  tube  like  structures  and  large  streaky  structures  exist  in  this  volume. 
The  width  of  the  large  streaky  structures  are  larger  than  7’+<;6=100,  located  at 
away  from  the  wall.  A  few  streaks  merged  as  plate  like  structures  at  '^+=200 
from  the  wall.  The  second  invariant  of  velocity  gradient  tensor  (Q+  <0.008),  the 
ejection  (-C/TF+  <0,  F+  >0,  =  -w+)  and  the  sweep  <0,  <0, 

1/+  =  -n+)  for  Rcr  =  180,360,500, 1050  in  the  cross  section  perpendicular  to 
the  circumferential  direction  are  shown  in  Fig.  4  (a)-(d),  respectively.  In  low 
Reynolds  number  (Rcr  =180),  the  ejection  and  the  sweep  are  observed  very 
small  region,  located  around  vortical  structures.  However,  in  high  Reynolds 
number  {Rcj  =  360,500,1050),  the  structures  seem  to  be  rather  different  from 
the  one  in  low  Reynolds  number.  A  characteristic  size  of  the  ejection  and  the 
sweep  are  even  larger  than  the  half  of  the  pipe  radius.  Almost  large  structures 
located  in  ?/+  >200,  correspond  to  the  wake  region  in  the  mean  velocity  profile. 
In  the  region,  the  scales  of  the  fluid  motion  are  different  from  the  near  wall 
region. 
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Table  1:  Computational  condition 
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0.86 

RCr  = 

=  180 
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X 

128 

10.5 

8.84 
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1.04 

RCt  = 

=  360 

384 
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256 

X 

256 

14.0 

8.83 

0.11 
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RCr  = 
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512 
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384 
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384 
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Figure  4:  The  second  invariant  of  velocity  gradient  tensor  {Q'^  <0.008), 
White,  the  ejection  (-U+V+  <3.5,  y+  >0,  y+  -  -'n+);  Yellow  and  the 
swec\-)(-UfV+  <3.5,  F+  <0,  F+  =  -w+);  Green  for  Rcr  =  180,360,500,1050 
in  the  cross  section  perpendicular  to  the  circumferential  direction 
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1  Introduction 

While  there  is  a  considerable  amount  of  experience  on  grid  resolution  issues  for 
DNS  of  turbulent  channel  and  boundary  layer  flow,  no  experience  is  available 
for  more  complex  flow  situations,  where  empirical  measures  based  on  wall  shear 
stress  fail.  The  most  conservative  method  to  guarantee  a  suflficient  grid  resolution 
is  to  perform  grid  resolution  studies,  which  are  very  expensive.  In  homogeneous 
or  periodic  directions,  wavenumber  spectra  can  provide  enough  information  to 
decide  whether  a  grid  resolution  was  fine  enough.  From  a  theoretical  point  of 
view,  a  DNS  has  to  resolve  all  relevant  length  scales  including  the  large  scales 
and  the  dissipation  scales.  The  isotropic  dissipation  scale  is  determined  by  the 
Kolmogorov  microscale  rj 


which  does  not  account  for  anisotropy  of  the  small  scales  appearing  in  low 
Reynolds  number  turbulent  flows  (Antonia  et  al.  [1]).  The  anisotropy  in  the 
small  scales  is  usually  reflected  in  anisotropic  grid  spacings.  An  example  for  this 
is  the  turbulent  boundary  layer  (Spalart  [4])  or  channel  flow  (Kim  et  al.  [2]). 
We  propose  a  directional  dissipation  scale  rjij  which  is  able  to  keep  track  of  the 
anisotropy  of  the  small  scales  in  strongly  anisotropic  flow  situations. 

=  (<  {dK/dxjV  >)  ’  nation!).  (2) 
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2  Present  investigation 

If  a  one-point  measure  has  to  be  used  as  a  resolution  indicator,  it  has  to  meet 
two  requirements.  On  the  one  hand  it  lias  to  be  reliable  in  a  sense,  that  it  is 
insensitive  to  grid  resolution  itself.  On  the  other  hand,  it  has  to  provide  reliable 
information  in  any  flow  situation.  In  order  to  check  these  requirements,  we 
selected  as  a  test  case  a  fully  turbulent  boundary  layer  subjected  to  an  adverse 
pressure  gradient  until  separation  occurs.  In  the  subsequent  nearly  zero-pressure 
gradient  region,  the  flow  reattaches  and  slowly  relaxes  to  a  canonical  boundary 
layer.  Before  the  pressure  gradient  is  imposed,  a  zero  pressure  gradient  region  at 
a  Reynolds  number  of  about  Reg  ~  800  (based  on  the  inlet  momentum  thickness) 
is  applied  to  establish  a  well  defined  inflow  condition.  In  this  region,  our  findings 
can  be  compared  with  empirical  measures  for  grid  resolution  in  this  kind  of  flow. 

The  test  simulation  has  been  performed  with  a  finite  volume  code  based 
on  second  order  central  differencing  (see  Manhart  and  Friedrich  [3]).  The  grid 
parameters  based  on  inner  scaling  of  the  oncoming  boundary  layer  are  = 
26.4  in  streamwise,  Ay'^  =  12.4  in  spanwise  and  Az"*"  =  3.3  in  wall  normal 
direction.  These  grid  spacings  are  relatively  coarse  for  the  zero  pressure  gradient 
region  but  sufficient  for  the  adverse  pressure  gradient  and  separated  region.  A 
more  detailed  description  of  the  simulation  is  published  in  [3]. 


Figure  1:  Kolmogorov  microscale  in  a  zero  pressure  gradient  boundary  layer 
predicted  with  a  spectral  method  (Kim  et  ah,  [2])  and  coarse  grid  DNS 

Reliability.  The  ability  of  predicting  small  scale  characteristics,  like  dissipa¬ 
tion  length  scales,  with  a  coarse  numerical  grid  is  essential  for  the  usefulness  of 
the  dissipation  scale  as  an  indicator  for  correct  grid  resolution.  In  order  to  inves¬ 
tigate  this,  we  show  in  figure  1  the  Kolmogorov  length  scale  in  the  zero  pressure 
gradient  region  (where  the  grid  resolution  of  the  present  simulation  is  not  really 
sufficient)  and  compare  it  with  that  predicted  by  a  spectral  code  (Spalart  [4]). 
It  can  be  concluded,  that  the  prediction  of  y  is  very  robust  concerning  the  grid 
resolution.  The  error  introduced  by  the  coarse  grid  is  smaller  than  25%. 
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Relevance.  In  figure  2,  the  directional  dissipation  scales  of  the  streamwise 
velocity  component  (which  are  the  smallest)  are  compared  to  the  Kolmogorov 
microscale  in  the  zero  pressure  gradient  boundary  layer.  The  minima  are  about 
7]ij  =  4.4,  2.2  and  1.5  wall  units  in  streamwise,  spanwise  and  wall-normal  di¬ 
rection,  respectively.  The  required  grid  resolution  in  streamwise  and  spanwise 
direction  are  roughly  twice  the  minima  of  the  directional  dissipation  scales  in 
the  corresponding  direction.  In  wall-normal  direction,  immediately  at  the  wall, 
a  resolution  of  7^13  seems  to  be  required.  These  findings  are  fully  consistent  with 
results  from  a  well  resolved  DNS  of  plane  channel  flow  (not  shown  here). 


Figure  2:  Directional  dissipation  scales  pij  in  a  turbulent  boundary  layer  (Reo  = 
800)  compared  to  Kolmogorov  microscale 


Behaviour  in  complex  flow  situations.  A  further  check  for  the  ability  of 
the  directional  dissipation  length  scale  as  a  resolution  criterion  is  done  by  relating 
it  to  wavenumber  spectra.  If  a  wavenumber  spectrum  in  a  DNS  drops  off  by  a 
certain  order  of  magnitude,  we  consider  the  DNS  as  sufficiently  resolved  in  that 
direction.  In  the  present  study,  we  are  using  spanwise  spectra  in  the  separating 
turbulent  boundary  layer  at  different  locations  during  the  separation  process 
(,7;  =  3.0  indicating  the  zero  pressure  gradient  phase,  x  =  40.0  the  separation 
region  and  x  =  60.0  the  reattachment  region).  As  one  can  see  in  figure  3,  the 
directional  dissipation  scale  pij  always  indicates  the  spatial  resolution  at  which 
the  spectrum  would  exhibit  a  sufficient  drop-off.  At  x  =  3.0  where  the  spanwise 
grid  resolution  captured  only  a  spectral  drop-off  by  one  orders  of  magnitude,  the 
directional  dissipation  scale  would  indicate  a  resolution  fine  enough  to  capture 
more  than  three  orders  of  magnitude.  During  the  separation  process,  the  length 
scales  are  increasing,  which  is  displayed  in  the  spectra  at  x  =  40  and  x  =  60. 
Here,  the  directional  dissipation  scale  clearly  follows  this  behaviour  showing  that 
in  this  region  a  much  coarser  grid  could  have  been  applied  in  spanwise  direction. 
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Figure  3:  Spanwise  spectra  in  a  separating  and  reattaching  turbulent  boundary 
layer.  Streamwise  positions  (from  top  to  bottom):  zero  pressure  gradient  phase 
(.T  =  3.0),  separation  region  {x  =  40.0)  and  reattachment  region  {x  =  60.0). 
The  full  circles  indicate  the  directional  dissipation  scale  r}i2  at  the  corresponding 
positions. 

3  Conclusions 

The  study  shows  that  the  directional  dissipation  scale  is  a  suitable  criterion 
for  grid  resolution  in  DNS  of  geometrically  complex  flows.  The  robustness  of 
the  dissipation  scale  against  grid  resolution  itself  makes  it  possible  to  estimate 
the  appropriate  resolution  by  a  simulation  with  a  coarse  grid  without  the  need 
of  extensive  resolution  studies.  In  a  zero  pressure  gradient  turbulent  boundary 
layer,  the  empirically  found  values  for  proper  grid  resolution  coincide  with  about 
twice  the  dissipation  scale  in  the  corresponding  direction.  In  complex  flow  situ¬ 
ations,  like  separation  or  reattachment,  the  dissipation  scale  is  able  to  indicate 
the  length  scale  at  which  the  wavenumber  spectrum  shows  a  sufficient  drop  off. 
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1  Introduction 

In  large  eddy  simulation  of  turbulent  flows,  the  large-scale  (resolved)  motions  are 
computed  by  solving  the  filtered  Navier-Stokes  equations,  and  the  small-scale 
(subgrid)  motions  are  modelled.  Most  subgrid-scale  models  are  based  on  the 
eddy- viscosity  Itypothesis  and  are  therefore  anisotropic  with  the  eneigy  chain 
being  unidirectional  in  the  same  sense  as  the  conventional  cascade  (“forward 
scatter”).  However,  recent  a  priori  studies  of  DNS  data  for  wall-bounded  tur¬ 
bulence  (e.g.  Hartel  &  Kleiser  [1],  Piomelli  et.  al.  [2],  Westbury  et.  al.  [3]) 
have  shown  that  transfer  of  energy  from  the  subgrid  scales  to  the  resolved  scales 
(“backscatter”)  occurs  at  up  to  50%  of  the  grid  points,  and  in  fact  backscatter 
dominates  the  energy  transfer  in  the  buffer  region.  Therefore  it  is  important  to 
develop  accurate  models  of  the  subgrid-scale  motions  thus  peimitting  simula¬ 
tions  at  high  Reynolds  numbers  using  ‘off  the  surface’  boundary  conditions. 

The  present  work  investigates  a  possible  connection  between  bursting  events 
in  wall-bounded  turbulence  and  both  forward  scatter  and  backscatter,  the  ul¬ 
timate  objective  being  to  develop  a  structure  based  subgrid  scale  model.  Ex¬ 
perimental  work  by  Morrison  et.  al.  [4]  suggests  that  in  the  logarithmic  legion 
‘ejections’  (u  <  0,u  >  0)  and  ‘sweeps’  (u  >  0,u  <  0)  are  the  main  contributors 
to  the  turbulent  shear  stress  and  effect  most  of  the  universal  part  of  the  spectral 
transfer  of  energy.  In  a  conventional  spectral  analysis  of  DNS  data  at  Rcr  =  ISO 
Westbury  et.  al  [3]  have  shown  that  in  the  viscous  sublayer,  sweeps  are  the 
main  contributors  to  backscatter  while  ejections  arc  the  primary  contributors 
to  forward  scatter.  Therefore  these  structures  provide  the  starting  point  into 
the  investigation  of  spatial  variations  in  forward  scatter  and  backscatter  (while 
these  terms  are  filter-specific,  we  use  them  loosely  for  the  present).  Moreover,  it 
appears  that  not  only  are  the  physical-space  structures  quite  small  and  therefore 
‘local’  in  physical  space,  the  spectral  transfer  associated  with  them  is  also  ‘local’ 
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Figure  1:  Plot  of  the  components  of  the  Figure  2:  Mean  values  for  both 

kinetic  energy  for  Rct  =  300.  Reynolds  numbers. 


in  wave-iuunber  space.  Meneveau  [5]  uses  an  orthonormal  wavelet  representa¬ 
tion  to  examine  the  energy  transfer  in  turbulent  velocity  signals.  The  wavelet 
representation  retains  information  about  spatial  location  as  well  as  scale,  and 
is  ideally  suited  to  studying  the  effect  of  spatially  localised  structures  on  en¬ 
ergy  transfer.  In  this  paper  some  preliminary  results  are  given  which  indicate  a 
qualitative  relationship  between  subgrid  scale  flux  and  uv. 


2  Results 

An  orthonormal  wavelet  analysis  has  been  applied  to  DNS  data  of  turbulent 
clianncl  flow,  due  to  Sandham  &  Howard  [6].  Data  is  availabk;  for  Rcr  =  ISO  and 
300.  The  decomposition  has  been  carried  out  in  two-dimensional  homogeneous 
planes,  parallel  to  the  wall.  The  wavelet  decomposition  gives  information  about 
discrete  scales  of  characteristic  size  r.,n  =  2'”  hi  ha,  at  increasingly  coarse  spatial 
resolution.  Here  hi  and  are  the  grid  spacings  in  the  streamwise  and  span  wise 
directions  respectively.  Figure  (1)  shows  the  components  of  kinetic  energy  for 
=  300.  In  this  and  all  subsequent  plots  all  quantities  arc  given  in  wall 
units,  e.g.  y'^  =  y'lLr/i^^  =  u/ilt.  Most  of  the  turbulence  production  feeds 
the  streamwise  direction  goes  into  the  streamwise  velocity  component,  and  the 
streamwise  component,  as  well  as  the  total  kinetic  energy  attain  maxima  in  the 
buffer  region. 

Meneveau  [5]  defines  the  quantities  which  represents  the  transfer  of 

energy  to  the  scale  from  all  other  scales,  and  7r^'"^[i],  which  represents  both 
the  spatial  flux  of  energy  through  a  region  of  characteristic  size  r,n  and  the  flux 
of  energy  through  the  scale  It  is  defined  such  that  a  decrease  in  energy  of 
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Figure  4:  Plots  of  the  mean  values  of 

Figure  3:  Contours  of  uv  and  tt,,  for  a  ^  function  of  for  m  =  1, . .  .  ,4  for 
plane  in  the  buffer  region,  for  Rcr  =  180.  Reynolds  number. 


the  large  scales  corresponds  to  positive  flux.  Figure  (2)  shows  the  mean  values  of 
7r^'”)[i]  as  a  function  of  distance  from  the  wall.  At  each  scale  reaches  a  local 
negative  minimum  in  the  sublayer.  For  the  smaller  scales  it  is  negative  in  the 
buffer  region,  whereas  in  the  larger  scales  it  is  positive.  A  negative  value  of  ^ 
does  not  strictly  correspond  to  backscatter  since  it  includes  a  spatial  flux  due 


to  the  ‘sweeping’  of  small  eddies  by  the  large  ones.  The  spatial  flux  is  therefore 
more  apparent  at  larger  .  Dunn  k  Morrison  [7]  have  used  the  VISA+LEVEL 
conditional  sampling  scheme  to  investigate  the  relationship  between  and 


sweeps  and  ejections,  and  shown  that  there  is  little  correlation.  However,  Fig¬ 
ure  (3)  indicates  a  qualitative  correspondence  between  large  negative  values  of 
fluctuating  uv  and  in  the  buffer  region,  for  both  Re3molds  number  values 


considered  here. 


Meneveau  [5]  defines  the  ‘subgrid’  flux,  which  represents  the  flux  of 

energy  to  scale  7v,„,  due  only  to  interactions  with  scales  smaller  than  It  is 
this  quantity  that  is  best  compared  with  the  subgrid  transfer,  of  Hartel  k 
Kleiser  [1].  Figure  (4)  shows  the  mean  value  of  as  a  f\mction  of  distance 
from  the  wall.  At  all  scales  in  the  wavelet  representation  i^  negative  in  the 


buffer  region,  indicating  that  the  flux  is  from  the  small  to  the  large  scales  on 
average.  For  the  larger  scales  resembles  T-^",  reaching  a  local  maximum  in 
the  sublayer  and  a  local  minimum  in  the  buffer  layer.  The  former  is  consistent 
with  an  unsteady  Couette  flow  dominated  by  vortex  stretching.  Only  the  small¬ 


est  scale  exhibits  positive  TrilJ'  over  a  significant  part  of  the  channel,  suggesting 
that  the  Reynolds  number  is  so  low  that  genuine  inertial  transfer  occurs  close 
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to  the  viscous  cut-ofF.  It  is  unlikely  therefore  that  there  is  a  genuine  inertial 
subrange,  the  usual  range  of  wave  numbers  in  which  a  filter  is  likely  to  be  used. 
This  result  also  suggests  that  there  is  some  significant  viscous  spectral  transfer 
not  included  in  7rl4”^- 


3  Conclusions 

Qualitatively,  it  is  clear  that  close  to  the  wall  is  localised  in  regions  in  which 
the  uv  field  is  breaking  up.  Given  the  prevalence  of  quasi-streamwise  vortices 
in  this  region,  it  is  clear  that  more  sophisticated  vortex  eduction  techniques  are 
required  such  as  A2  (Jeong  et.  al.  [8])  or  cubic  discriminant  (Cantwell  et.  al. 
[9])  for  assessing  their  contributions  to  energy  transfer. 
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1  Introduction 

Several  investigations  of  three-dimensional  turbulent  boundary  layers  (3DTBLs) 
have  shown  that  the  three-dimensionality  affects  the  turbulence  statistics  and 
structure  (see  e.g.  ref.  [1]).  In  a  3DTBL  the  Reynolds  shear  stress  vector  is 
generally  not  aligned  with  the  mean  velocity  gradient  vector,  and  the  ratio  of  the 
magnitude  of  the  shear  stress  vector  to  the  turbulent  kinetic  energy  is  reduced 
relative  to  a  2DTBL.  This  reduction  indicates  that  the  three-dimensionality 
reduces  the  efficiency  of  the  turbulence  in  extracting  energy  from  the  mean  flow. 

The  reason  why  the  three-dimensionality  seems  to  stabilize  the  turbulence  is 
not  yet  completely  understood.  A  common  assumption  is  that  the  answer  is  to 
be  found  in  the  underlying  vorticity  structure  near  the  wall.  Littell  and  Eaton  [5] 
performed  an  experiment  of  the  flow  over  a  rotating  disk  and  found  asymmetric 
velocity  profiles  in  the  spanwise  direction  near  strong  stress-producing  events. 
They  concluded  that  the  three-dimensionality  reduced  the  strength  of  the  ejec¬ 
tions  produced  by  Case  1  streamwise  vortices  while  the  Case  2  vortices  produced 
weak  sweeps.  A  streamwise  vortex  with  the  induced  near- wall  velocity  being  in 
the  direction  of  the  crossflow  is  here  labelled  “Case  1” ,  the  vortex  rotating  in  the 
opposite  sense  is  labelled  “Case  2”;  see  figure  1(a).  Kang  et  al.  [4]  performed  a 
similar  experiment,  but  concluded  that  the  asymmetries  in  the  conditional  aver¬ 
ages  of  Littell  and  Eaton  were  not  related  to  the  coherent  vortical  structures.  The 
aim  of  this  study  is  to  expand  the  understanding  of  how  the  three-dimensionality 
affects  the  coherent  vortical  structures  near  the  wall. 


2  Numerical  approach  and  results 

A  direct  numerical  simulation  (DNS)  of  the  fully  turbulent  flow  between  a  disk 
rotating  with  angular  frequency  cj  and  a  stationary  disk  was  performed.  The 
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Figure  1;  (a)  Vortex  definitions,  (b)  Sketch  of  the  computational  domain. 


Figure  2:  Isosurface  plots  (top  view)  of  the  ensemble- averaged  coherent  struc¬ 
tures  near  the  rotating  (upper  plot)  and  the  stationary  disk  (lower  plot).  Dark 
shading  represents  (A-j)  ,  indicating  the  shape  of  the  vortices,  light  shading  rep¬ 
resents  th('  associated  stress  {uqu-).  Tickmarks  are  50  wall-units  apart.  The 
crossflow  is  in  -|-7"-direction  near  the  rotor  and  in  -7'-direction  near  the  stator. 


incompressible  Navier-Stokes  equations  were  solved  in  an  angular  section  M  be¬ 
tween  the  two  radial  surfaces  7-j  and  7’2,  see  figure  1(b).  Periodic  boundary  con¬ 
ditions  were  applied  in  the  tangential  direction  while  quasi-periodic  conditions 
were  used  between  /q  and  v-y.  No-slip  conditions  were  imposed  at  both  disks. 
The  DNS  was  performed  at  a  rotational  Reynolds  number  Rcn  =  E.^cj/iy'  =  4- 10  ’ 
and  gap  ratio  s/R  =  0.02  where  s  is  the  distance  between  the  disks.  Further 
details  on  the  numerical  approach  as  well  as  the  time-averaged  statistics  are 
rejmrted  in  [6]. 

Ensemble-averaging  of  quasi-streamwise  vortices  in  the  3DTBLs  near  the  two 
disks  was  performed,  based  on  the  procedure  by  Jeong  et  al.  [2].  The  vortices 
were  detected  using  the  A2  criterion  proposed  by  Jeong  and  Hussain  [3],  their 
extent  was  required  to  exceed  130  wall-units  in  tangential  direction.  Figure  2 
shows  isosurfac.e  plots  of  the  ensemble-averaged  vortices  and  their  associated 
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Figure  3:  Weighted  joint  PDFs  of  uq  and  w-  near  the  rotating  disk  (2:+  =  30). 
(a)  No  conditioning,  (b)  Conditioned  on  uq  <  -1.5LOo,r7ns  (Case  1).  (c)  uq  > 
-l.buJo,rms  (Case  2). 


Figure  4:  (a)  Q4  contributions  to  the  stress  near  strong  ejections  {uoih  > 
2moUz  and  u~  >0).  (b)  Q2  contributions  to  vWl  near  strong  sweeps  {uqiIz  > 
2>uoUz  and  li-  <  0).  The  locations  of  the  strong  events  are  marked  by  x. 


positive  contribution  to  the  shear  stress.  Near  both  disks  the  Case  1  coherent 
vortex  is  of  greater  extension  than  Case  2.  It  is  also  noticeable  that  both  vor¬ 
tices  produce  very  weak  sweeps  compared  to  ejections.  The  coherent  structures 
educed  in  ref.  [2]  in  a  2DTBL  did  not  show  this  pronounced  feature. 

Joint  probability-density  functions  (PDFs)  of  the  uq-Uz  fluctuations  are  dis¬ 
played  in  figure  3.  The  PDFs  were  weighted  with  uqUz  in  order  to  show  how 
each  velocity  component  contributes  to  uqUz-  By  conditioning  on  the  tangen¬ 
tial  component  of  the  vorticity  vector  it  can  be  seen  how  vortices  of  different 
sign  contribute  to  this  Reynolds  stress.  Near  the  rotating  disk  both  positive 
and  negative  vortices  were  more  closely  connected  with  Q2  (quadrant  2)  events 
(ejections)  than  with  Q4  events  (sweeps).  This  was  also  seen  near  the  stationary 
disk.  The  PDFs  therefore  support  the  conclusions  from  the  ensemble-averages 
in  that  streamwise  vortices  produce  stronger  ejections  than  sweeps. 

Following  Kang  et  al  [4],  the  velocity  field  near  strong  ejections  and  sweeps 
was  examined  by  averaging  about  these  high-shear-stress  locations.  A  quadrant 
analysis  of  the  averaged  field  was  also  performed.  Since  coherent  structures  are 
associated  with  Q2  and  Q4  events,  figure  4  shows  the  contours  of  Q4  contri¬ 
butions  to  uqUz  near  strong  ejections  and  Q2  contributions  near  strong  sweeps. 
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As  indicated  in  the  figure,  the  peaks  around  the  detection  points  are  signatures 
of  a  pair  of  vortices  generating  the  high-stress  events.  Since  the  highest  peak 
near  the  strong  ejections  is  to  the  left  of  the  ejection,  it  is  concluded  that  the  left 
vortex  (Case  1)  is  responsible  for  generating  the  majority  of  the  strong  ejections. 
Near  the  strong  sweep,  the  vortex  to  the  right  (Case  1)  produces  most  of  the 
strong  sweeps.  A  corresponding  analysis  near  the  stationary  disk  led  to  the  same 
conclusions.  Figure  4  clearly  supports  Littell  and  Eaton  [5]  in  that  asymmetries 
in  the  conditionally  averaged  fields  are  associated  with  vortical  motions. 

3  Concluding  remarks 

The  mean-flow  three-dimensionality  near  the  rotating  disk  is  caused  by  the  cen¬ 
trifugal  force  being  larger  than  the  inward  pointing  pressure  gradient.  Near  the 
stationary  disk  the  three-dimensionality  can  be  considered  driven  by  the  pressure 
gradient  alone.  The  observed  differences  between  the  present  coherent  structures 
and  those  found  in  2DTBLs  are  therefore  most  likely  effects  of  the  mean-flow 
three-dimensionality.  Based  on  the  ensemble  average,  PDFs  and  the  quadrant 
analysis,  it  is  concluded  that  the  three-dimensionality  causes  the  coherent  struc¬ 
tures  to  produce  very  weak  sweeps  compared  to  ejections.  In  addition,  Case  1 
coherent  vortices  produce  both  more  strong  sweeps  and  ejections  than  Case  2 
vortices,  the  reason  could  possibly  be  that  Case  1  vortices  are  of  larger  stream- 
wise  extent.  It  is  believed  that  the  reduction  in  the  strength  of  the  sweeps  near 
the  coherent  structures  is  the  reason  for  the  reduced  efficiency  of  the  mean  flow 
to  produce  Reynolds  shear  stress. 
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1  Introduction 

An  important  aspect  of  turbulence  is  vortex  stretching,  that  is,  the  interaction  of 
vorticity  w  and  rate-of-strain  S.  Direct  numerical  simulations  (DNS)  of  homo¬ 
geneous  turbulence  have  revealed  various  properties  of  ca  and  S  and  the  presence 
of  distinct  small-scale  structure  (see,  e.g.,  review  in  [1]).  The  dynamic  interac¬ 
tion  of  Lj  and  5  is  effectively  described  in  the  principal  strain  basis  [1]  which 
distinguishes  vortex  stretching  and  rotation  of  the  principal  axes  of  S.  In  the 
case  of  homogeneous  shear  [2] ,  these  mechanisms  are  influenced  by  the  imposed 
mean  u)  and  S.  As  a  consequence,  the  spatial  orientation  of  ca,  principal  axes 
of  S,  and  associated  structures  (Fig.  2a)  may  exhibit  distinct  preferences.  In 
the  presence  of  stratification  (mean  density  gradient),  u)  and  S  will  influence  the 
behavior  of  the  fluctuating  density  gradient,  G  =  Vp.  When  buoyancy  effects 
are  significant,  the  fluid  density  p  is  an  active  scalar  and  the  dynamics  of  G  will 
feedback  on  w  and  5.  Previous  DNS  studies  [3]  of  stratified  homogeneous  shear 
flow  considered  the  structure  of  cj  and  showed  increasingly  horizontal  oj  with 
increasing  stratification.  In  the  case  of  strong  (supercritical)  stratification,  the 
associated  vortex  structures  collapse  towards  the  horizontal  plane  (Fig.  2b).  In 
order  to  provide  a  more  complete  description  of  the  behavior  of  u)  in  stratified 
turbulence,  we  investigate  the  fully  coupled  triadic  interaction  between  cj,  S,  and 
G.  Detailed  results  of  our  work  are  presented  elsewhere  [4].  Here,  we  present 
some  further  results  and  a  general  description  of  the  interaction. 

2  Analysis  and  Discussion 

Results  from  DNS  of  homogeneous  sheared  turbulence  with  uniform  stable  strat¬ 
ification  [4]  are  used  in  this  analysis.  In  these  flows,  the  significance  of  strat- 
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ification,  G3  =  dp/dx^,  is  characterized  the  gradient  Richardson  number, 
Ri  =  N'^/S^  =  {—gGs  /po)/5'^j  where  N  is  the  Brunt- Vaisala  frequency,  S  is 
the  mean  shear,  and  g  is  the  acceleration  of  gravity.  Here,  we  present  results 
from  two  simulations,  one  with  no  buoyancy,  i.e.,  g  =  0  (Ri  =  0,  NB),  and 
one  with  strong  buoyancy  {Ri  =  1,  HB).  In  both  flows,  the  initial  microscale 
Reynolds  number  is  Rex^  =  24  and  the  shear  number  is  SJio  =  3.2.  In  order 
to  effectively  study  the  complex  dynamics,  conditional  sampling  based  on  the 
invariants  of  the  velocity  gradient  tensor  is  employed.  In  particular,  regions  of 
high-amplitude  positive  {IJ  >  0)  and  negative  {II  <  0)  second  invariant,  where 
II  =  —  S^)/2,  are  considered.  This  assists  in  distinguishing  various  mech¬ 

anisms  by  considering  the  relative  significance  of  rotation  versus  strain. 

The  dynamics  of  cj,  S,  and  G  arc  described  by  their  evolution  equations 
which  arc  derived  from  the  Navier-Stokes  (with  Boussinesq  approximation)  and 
scalar  transport  equations  (written  here  without  diffusion  terms  for  brevity): 


Duji 

W 

DSjj 

Dt 

DGi 

Dt 


vortex  stretching  baroclinic  torque 


k ^kj  ^  {^i ^ij ^k^k) 

" - V - ' 

strain  gen. /rot. 


1  d-p 


p  dxidxj  2po 


{Gj  6i3  -h  Gi  Sjs) 


differential  acceleration 


(1) 

(2) 


-  Sjk  Gk^  +  \  Eijk  Gk  .  (3) 

straining  rotation 


Interaction  between  u)  and  S  in  (l)-(2)  includes  vortex  stretching  (VS)  and  strain 
generation  and  axes  rotation  (SR).  Influence  of  cj  and  S  on  G  is  through  gradient 
amplification/rcorientation  by  S  (GS)  and  reorientation  by  cj  (GR)  as  described 
in  (3).  In  the  presence  of  buoyancy,  there  is  direct  feedback  of  G  on  ta  through 
baroclinic  torque  (BT)  and  on  S  through  differential  acceleration  (DA). 

The  early  development  {St  <  1)  of  the  NB  and  HB  flows  is  similar.  Since 
there  is  no  initial  G  imposed,  interaction  between  the  flow  and  density  fields  is 
initiated  by  the  generation  of  G.  In  rotation-dominated  {II  >  0)  regions,  G  is 
generated  primarily  by  rotation  of  G3  by  lj  (GR).  Through  this  mechanism,  the 
correlations  (a;2  Gi)  <  0  and  (cji  G2)  >  0  are  established  which,  as  described  by 
(3),  promote  +G3.  The  positive  correlation  between  cji  and  G2  at  early  times  is 
reflected  in  the  conditional  expectation  (wiIg’s)  shown  in  Figs.  la,b.  In  the  HB 
flow,  BT  is  generated  which  is  of  opposite  sign  to  the  uj  which  gave  rise  to  the 
corresponding  Gi  component.  This  tends  to  reverse  the  correlations  between 
Ui  and  Gj,  as  indicated  in  Fig.  lb,  and  effectively  attenuates  the  magnitudes 
of  iOi  and  U2.  Furthermore,  the  presence  of  ±G3  components  will  promote 
through  DA  (2)  which  represents,  e.g.,  enhancement  of  vertical  compres¬ 
sive  straining  due  to  high  density  fluid  occuring  over  low  density  fluid  (Fig.  2c). 
DA  is  also  observed  in  strain-dominated  //  <  0  regions  as  will  be  discussed 
below.  In  the  case  of  //  >  0  regions,  due  to  strong  GR,  significant  4-G3  occurs. 
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The  enhanced  S33  <  0  in  these  regions  results  in  an  enhanced  attenuation  of 
UJ3  by  vortex  contraction.  The  effects  of  shear  tend  to  maintain  horizontal  u 
and  the  net  result  is  an  overall  predominance  of  horizontal  u)  in  the  HB  flow. 
In  strain-dominated  {II  <  0)  regions  of  NB  and  HB,  G  is  initially  generated 
through  GS  which  establishes  a  positive  correlation  between  533  and  G3  at  early 
time  (Figs.  ld,e).  In  the  HB  flow,  the  effect  of  DA  is  to  counteract  the  existing 
strain,  that  is,  -\-Gz  promotes  —533  and  —Gz  promotes  -\-Szz^  which  tends  to 
reverse  the  correlation  (Fig.  le).  The  response  of  GS  is  a  positive  feedback  in 
the  former  and  negative  in  the  latter.  In  addition,  since  \G\  is  significant  in  high 
strain  regions,  BT  may  be  significant  and  generate 

Overall,  the  triadic  interaction  can  be  considered  in  terms  of  the  direct  cou¬ 
pling  of  mechanism  pairs  (underbraced  terms  in  (l)-(2))  and  influential  sec¬ 
ondary  effects.  Interaction  of  w  and  G  involves  an  inherent  negative  feedback 
between  BT  and  GR.  Probability  distributions  of  the  BT  term  in  the  equa¬ 
tion,  -CijzuJiGj  (Fig.  Ic),  show  a  tendency  for  negative  values  in  //  >  0  regions, 
i.e.,  baroclinic  torque  acts  as  a  sink  for  Interaction  of  S  and  G  is  charac¬ 
terized  by  a  predominantly  negative  feedback  between  DA  and  GS.  Probability 
distributions  of  the  DA  term  in  the  equation,  -Sij{Gj  Siz  +  Gi  6jz)  (Fig.  If), 
show  a  tendency  towards  negative  values  in  //  <  0  regions,  i.e.,  differential  ac¬ 
celeration  acts  as  a  sink  for  S^.  The  interaction  of  lj  and  S  is  characterized 
by  the  coupling  of  VS  and  SR  [1,  2].  These  mechanisms  are  weakened  and/or 
impeded  as  a  result  of  BT,  DA,  and  the  associated  attenuation  of  uj  and  S  [4]. 

The  physical  implications  of  these  dynamics  are  evident  in  the  small-scale 
structure  of  the  flow.  In  the  NB  flow  and  early  times  in  HB,  high- amplitude 
//  >  0  regions  are  characterized  by  tube-like  spatial  structures  (Fig.  2a).  These 
structures  are  responsible  for  significant  overturning  motion,  i.e.,  they  tend  to 
wrap  around  isopycnal  surfaces  establishing  significant  -\-Gz  in  the  core  of  the 
vortex  (Fig.  2c).  With  strong  buoyancy  (HB),  the  associated  dynamics  lead  to  a 
predominance  of  horizontal  uj  with  diminished  amplitude.  In  general,  the  nature 
of  the  flow  differs  and  high-amplitude  events  are  characterized  by  comparable  u)^ 
and  {II  ~  0)  which  tend  to  form  sheet-like  spatial  structure  [4].  These  effects 
manifest  themselves  as  collapsed  or  flattened  vortex  structures  (Fig.  2b).  The 
weakened  structures,  in  turn,  exhibit  reduced  overturning  motion  and  wrapping 
of  the  isopycnal  surfaces. 
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Figure  1:  Top  row  -  //  >  0  regions:  (a),(b)  expected  value  of  a?i  conditioned  on 
G2,  (c)  probability  distributions  of  baroclinic  torque  term  in  equation.  Bot¬ 
tom  row  -  7/  <  0  regions:  (d),(e)  expected  value  of  S33  conditioned  on  G3,  (f) 
probability  distributions  of  differential  acceleration  term  in  equation. 


Figure  2:  (a),{b)  Three-dimensional  visualizations  (64^  subdomain  of  computa¬ 
tional  grid)  of  high-amplitude  rotation-dominated  (77  >0)  regions  in  NB  and 
HB  flows  at  time  St  =  6  (side  view  shows  streamwise  (a;i)  and  vertical  {3:3) 
directions),  (c)  Close-up  of  cross-section  in  X2-X3  plane  shows  instantaneous 
density  contours  (dark=high  p,  light=low  p)  in  vicinity  of  vortex  tube  (dotted 
lines  are  contours  of  77  >  0). 
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1  Introduction 

Over  the  past  forty  years,  much  effort  has  been  devoted  to  the  development  of 
a  satisfactory  statistical  theory  of  turbulence.  For  example,  statistical  closures 
were  developed  in  an  attempt  to  find  closed  expressions  for  the  unknown  triplet 
correlation  function  that  arises  upon  averaging  the  Navier-Stokes  equation.  Fa¬ 
miliar  examples  include  Kraichnan’s  direct-interaction  approximation  [1,  2]  and 
Lagrangian-history  direct-interaction  approximation  [3].  Unfortunately,  there  is 
considerable  arbitrariness  in  the  formulation  of  statistical  closures.  Moreover,  it 
is  generally  believed  that  low-order  statistical  theories  are  not  capable  of  captur¬ 
ing  the  effects  of  coherent  structures  [4,  5].  But  probably  the  greatest  weakness 
of  these  methods  is  that  there  exists  neither  an  error  estimate  nor  a  control 
parameter  that  can  be  varied  to  increase  the  accuracy  of  the  solution. 

Recently,  a  method  called  spectral  reduction  has  been  proposed  [6]  for  cal¬ 
culating  statistical  moments  of  turbulent  quantities  by  introducing  a  coarse- 
graining  in  Fourier  space.  A  notable  feature  of  this  model  is  the  existence  of  a 
control  parameter  (bin  size)  that  can  be  varied  to  increase  the  accuracy  of  a  solu¬ 
tion.  The  method  exploits  the  fact  that  statistical  moments  are  much  smoother 
functions  of  wave  number  than  are  the  underlying  stochastic  amplitudes.  Col¬ 
lections  of  Fourier  amplitudes  are  represented  by  nonuniformly  spaced  sample 
modes  that  interact  via  enhanced  coupling  coefficients.  By  assigning  most  of 
these  sample  modes  to  the  scales  of  greatest  physical  interest,  the  technique 
makes  optimal  use  of  limited  computational  resources.  The  approximation  re¬ 
duces  to  the  exact  Navier-Stokes  equation  as  the  number  of  fundamental  wave 
numbers  associated  with  each  sample  mode  tends  to  one.  Even  at  large  values  of 
this  parameter,  the  statistics  of  the  full  dynamics  may  be  accurately  recovered 
from  the  time-averaged  predictions  of  the  theory. 
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2  Spectral  reduction 

We  restrict  our  attention  to  homogeneous  and  isotropic  incompressible  turbu¬ 
lence  in  two  dimensions,  for  which  the  Fourier-transformed  Navier-Stokes  vor- 
ticity  equation  takes  the  form 

^  =  [  dp  I  dq  (1) 

dt  J'P  Jv  a- 

Here  z/k  models  time-independent  linear  dissipation  and  the  interaction  coeffi¬ 
cient  Ckpq  =  (i-pxq)  -f  p  +  q)  is  antisymmetric  under  permutation  of  any 
two  indices.  As  a  consequence  of  the  antisymmetry  of  Ckpq,  Eq-  (1)  conserves  the 
energy  \  dk  |a;k|V^^  enstrophy  f  dk  \ujkf  in  the  inviscid  limit  z/k  =  0. 

We  introduce  an  arbitrary  coarse-grained  grid  on  V,  to  which  we  associate 
new  variables  /k  where  Ak  is  the  area  of  bin  K.  The  exact 

evolution  of  Qk  is  given  by 

+  (i'kWk)K  = 

Ot  “  \  (}  /  kpq 

where  (•)j^  denotes  a  bin  average  and  the  operator 

depends  only  on  the  bin  geometry.  The  geometric  factors  (/)kpq 

ciently  computed  using  a  combination  of  analytical  and  numerical  methods[7, 

8,  9];  being  independent  of  both  time  and  initial  conditions,  they  need  only 
be  computed  once  for  each  new  wave-number  partition.  The  reality  condition 
where  -K  denotes  the  inversion  of  bin  K  through  the  origin,  will 
be  respected  for  partitions  that  possess  inversion  symmetry. 

Equation  (2)  is  unfortunately  not  closed.  If  cJk  were  naively  approximated 
by  its  bin-averaged  value  Hk  ,  one  would  obtain 

Ot  “  \  (?  /  KPQ 

In  the  inviscid  limit,  Eq.  (4)  conserves  the  coarse-grained  enstrophy  f  I^^kI^Ak 
since  (ckpq/(7^)K;pQ  antisymmetric  in  K  -H-  P.  However,  the  coarse-grained 

energy  ^  I^kI'^Ak//^^  is  not  conserved  since  (ekpq/(Z^)KPQ 

tisymmetric  in  K  •<->  Q  (here  K  denotes  the  magnitude  of  some  characteristic 
wave  number  in  bin  K).  However,  both  of  these  desired  symmetries  can  be  rein¬ 
stated  by  replacing  the  factor  (ekpq/9‘-^)KPQ  slightly  modified 

coefficient  (ekpq)KPQ  /Q^‘  The  relative  error  introduced  by  this  modification  is 
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negligible  in  the  limit  of  small  bin  size,  being  on  the  order  of  the  squared  relative 
variation  in  the  wavenumber  magnitude  over  a  bin.  The  result, 


dt 


+  (^k)K  ^  ApAq 

P,Q 


(Ckpq) 


KPQ 


(5) 


is  a  more  acceptable  alternative  as  a  closure  of  Eq.  (2)  since  it  conserves  both 
energy  and  enstrophy. 

The  time-averaged  (or  ensemble-averaged)  moments  of  Eq.  (5)  satisfy  equa¬ 
tions  that  closely  approximate  the  equations  governing  the  exact  bin-averaged 
statistics.  A  time  average  (denoted  by  an  over-bar)  of  the  bin-averaged  enstro¬ 
phy  equation  derived  from  Eq.  (1)  leads  to 


K 


dt 


+  Re  (pkl^kT 


K 


=  Rey:ApAc(^ 


CJ 


kW; 


(6) 


P,Q 


/  KPQ 


If  the  true  vorticity  is  a  continuous  function  of  wave  number,  there  will  exist 
a  wave  number  k  in  bin  K  such  that  Qk  =  Furthermore,  time- aver  aged 
quantities  such  as  |cjk|^  are  generally  smooth  functions  of  the  wave  number  k. 

We  thus  deduce  that  IHkI^  =  ~  i^kT  ^'e>r  all  k  in  bin  K.  Similarly,  the 

triplet  correlation  is  a  smooth  function  of  k,  p,  q  when  restricted  to  the 

surface  defined  by  the  triad  condition  k  -f  p  -1-  q  =  0. 

To  good  accuracy  the  statistical  averages  in  Eq.  (6)  may  therefore  be  eval¬ 
uated  at  the  characteristic  wave  numbers  K,  P,  Q  of  each  bin.  Hence,  to  the 
extent  that  the  wave-number  magnitudes  vary  slowly  over  a  bin,  Eq.  (6)  may  be 
reduced  to  the  (nonlinearly  conservative)  approximation 


2  dt 


+  Re(Pk)Kl^K|^ 


Re^ApApAE^npP^, 
P,Q  ^ 


(7) 


which  is  precisely  the  evolution  equation  for  the  time-averaged  enstrophy  ob¬ 
tained  from  Eq.  (5).  Similar  arguments  for  the  higher-order  statistical  moments 
can  also  be  made,  suggesting  that  spectral  reduction  can  indeed  provide  an  ac¬ 
curate  statistical  description  of  turbulence,  even  when  each  bin  contains  many 
statistically  independent  modes.  As  the  partition  is  refined,  one  expects  the 
solutions  of  Eq.  (7)  to  converge  to  the  those  of  Eq.  (6). 

In  Fig.  1,  we  demonstrate  the  excellent  agreement  obtained  with  forced- 
dissipative  pseudospectral  simulations  for  a  two-dimensional  fluid  containing  co¬ 
herent  structures.  We  also  compare  to  the  predictions  of  the  realizable  test  field 
model  (RTFM)  [9].  In  Fig.  2  we  illustrate  the  scaling  with  distance  r  of  the  an- 

gular  average  5*10 (r)  of  the  tenth  moment  of  velocity  increments  |v(r)  -  v(0)|^°. 

Spectral  reduction  has  been  used  to  confirm  the  existence  of  logarithmic  cor¬ 
rections  to  the  high-order  structure  functions  in  the  two-dimensional  enstrophy 
cascade.  The  inviscid  version  of  the  model  has  also  been  shown  to  satisfy  a 
Liouville  theorem  and  to  yield  statistical  equipartition  solutions  [6]. 
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Figure  1:  Comparison  of  the  energy  Figure  2:  Angle- averaged  structure 

spectra  obtained  with  several  (radial  x  function  5io(r). 

angular)  wave-number  partitions,  the 

RTFM,  and  a  683  x  683  dealiased  pseu- 

dospectral  simulation. 


3  Conclusions 

Spectral  reduction  appears  to  be  a  promising  candidate  as  a  statistical  descrip¬ 
tion  of  turbulence.  We  propose  that  it  could  be  used  to  assess  the  effect  of 
various  dissipation  mechanisms  in  large-eddy  simulations,  as  a  subgrid  model, 
or  even  as  a  substitute  for  full  simulation  of  high-Reynolds  number  turbulence. 
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1  Introduction 

Two-point  statistical  closures  for  homogeneous  turbulence  were  proposed  several 
decades  ago  and  their  formal  extensions  to  inhomogeneous  fields  were  consid¬ 
ered  as  early  as  in  the  70’s  (Kraichnan  [1]).  However,  very  little  applications 
of  two-point  theories  to  flows  of  real  practical  interest  exist,  the  prediction  of 
these  flows  remaining  essentially  relying  on  the  use  of  classical  one-point  models, 
such  as  k  -  e  or  second  order  moment  closures.  This  situation  essentially  results 
from  the  complexity  of  the  formulation  of  two-point  models  for  inhomogeneous 
turbulence.  Indeed,  before  being  applied  to  real  flows  at  an  affordable  computa¬ 
tional  cost,  two-point  closures  have  to  be  simplified.  The  approach  followed  in 
the  present  paper  is  to  propose  a  model  that  is  simple  enough  for  applications 
to  wall  bounded  flows,  but  that  retains  the  advantage  of  two-point  closures  that 
directly  take  into  account  an  information  on  different  turbulent  length  scales, 
up  to  the  Kolmogorov  scale. 

A  first  version  of  the  model  was  proposed  in  Parpais  and  Bertoglio  [2]. 
The_^  basic  quantity  in  this  version  was  the  turbulent  kinetic  energy  spectrum 
E{X,  K,  t)  and  consequently,  although  a  spectral  information  was  retained,  the 
anisotropic  properties  of  turbulence  were  only  grossly  accounted  for.  In  the 
present  paper  the  approach  is  extended  to  a  tensorial  description  of  the  spec¬ 
tra.  Examples  of  results  show  that  the  model  leads  to  satisfactory  predictions 
of  flows  with  separation  and  reattachement,  and  provides  a  detailed  spectral 
information. 


2  The  model 


The  basic  quantity  in  the  model  is  the  spectrum  ipij  defined  as  the  average  over 
the  directions  of  wave- vector  K  of  the  spectral  tensor 


(Pij{X,K,  t) 
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in  which  is  the  Fourier  transform  of  the  velocity  correlation  at  two  points: 

cty  (i,  /?,  i)  =  FTA<  UiiX  -  t72,  t).uj(X  +  r/2,  t)  >) 

The  equation  for  ipij  reads: 


uJiii 


+  (X,  X,  t)  +  tij  (X,  X,  t)  +  T),,-  (X,  X,  t) 

in  which  the  first  term  of  the  right  hand  side  is  the  viscous  contribution,  including 
the  dissipation,  which  can  be  evaluated  exactly.  The  second  term  is  also  a^term 
which  is  not  requiring  a  closure  (production  term).  The  other  teims,  p^j,  tij 
and  Djj,  respectively  stand  for  the  rapid  part  of  the  pressure-strain  spectium, 
the  spectral  transfer  and  the  inhomogeneous  transport  term.  These  terms  are 
closed  introducing  assumptions.  One  of  the  basic  ingredients  in  the  model  is  the 
use  of  the  EDQNM  theory  to  express  the  trace  of  the  non-linear  transfer  term 
accounting  for  the  energy  cascade  to  the  small  scales  (Orszag  1970  [3]).  The 
rapid  part  of  the  pressure-strain  term  is  expressed  using  invariant  theory  [4,  5]: 


pF(X,X,0  =  ^6 
-i-(8c{,  —  6) 


+  (^-3c,] 


,  X,  t)  +  X,  t)  X,  t) 

(X ,  X,  f)  +  (X’  X,  t)  -  ^Sij  ■^;^7^mn(X,  X,  t) 


The  inhomogeneous  transport  term  is  modeled  via  a  diffusive  form  [5]: 

The  wall  effect  is  modeled,  as  in  [2],  by  introducing  a  spectral  cut-off  at  large 
scales. 

Finally,  the  Reynolds  averaged  Navier-Stokes  equation  is  closed  by  expressing 
the  Reynolds  stress  as:  TT/wJ  =  /  (p/j(X,  X)f/X. 


3  Results 

When  the  model  is  applied  to  homogeneous  turbulence  submitted  to  a  uniform 
shear,  the  turbulent  kinetic  energy  is  found  to  increase  exponentially  with  time, 
in  agreement  with  experimental  data  [6].  Satisfactory  results  are  also  obtained 
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Figure  1;  uf  and  mean  streamlines  for  the  ERCOFTAC  diffuser  test  case. 


Figure  2:  uv  at  x  =  QH{a)  and  x  =  33if(b):  -  present  model,  *  experiment. 


in  the  case  of  a  plane  channel  flow  and  the  flow  over  a  backward  facing  step. 
In  figure  1,  results  obtained  in  the  case  of  an  asymmetric  diffuser  are  plotted. 
Comparisons  with  experiment  [7],  presented  in  [8],  show  that  separation  and 
reattachement  are  correctly  predicted.  Figure  1  shows  Reynolds  stress  profiles 
in  two  sections  respectively  corresponding  to  the  beginning  and  the  end  of  the 
recirculation  zone.  The  model  was  also  applied  to  the  flow  around  an  airfoil 
with  an  angle  of  attack  a  =  13^^  at  which  separation  is  experimentally  detected 
(figure  3).  In  figure  4b,  kinetic  energy  spectra  along  a  mean  streamline  are  plot¬ 
ted.  It  is  observed  that  the  compensated  spectra  are  found  to  collapse  into  a 
single  curve  in  the  wake  region.  These  spectra  are  however  not  corresponding  to 
an  equilibrium  Kolmogorov  spectrum,  as  appears  when  compared  to  the  spec¬ 
trum  obtained  in  the  case  of  a  uniform  shear  flow  at  the  same  Reynolds  number 
(figure  4a). 
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Figure  3:  Turbulent,  kinetic  energy  and  mean  streamlines;  F2A  airfoil. 


K/K,,  K/IU 


Figure  4:  Compensated  kinetic  energy  spectra:  comparison  between  the  airfoil 
wake  (b)  and  homogeneous  shear  flow  (a)  at  Rt\  =  150. 
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1  Introduction 

Lagrangian  renormalized  approximation  (ERA)  is  one  of  the  spectral  closure 
theories  of  turbulence.  It  is  derived  from  the  Navier-Stokes  (NS)  equation  in 
a  fully  systematic  way  without  introducing  any  ad  hoc  parameter,  and  keeps 
various  desirable  properties  of  the  exact  dynamics  [1].  The  LRA  yields  the  Kol¬ 
mogorov  spectrum  E{k)  =  with  K  =  1.72[2],  the  frequency  spec¬ 
trum  ^l(^)  =  with  Cl  =  0.94[4]  in  the  inertial  subrange,  and  so  on  in 

good  agreement  with  the  experiments  and  numerical  simulations  [5,  6,  7,  8,  9]. 
However,  as  has  been  widely  recognized,  it  is  not  easy  to  solve  the  equations  of 
the  closure  theories.  From  the  computational  point  of  view,  the  major  obstacles 
lie  in  (1)  the  evaluation  of  the  convolution  sum  over  the  wavevectors  arising  from 
the  nonlinear  term  of  the  NS  equation  and  (2)  that  of  the  time  integral  over  the 
Lagrangian  history  of  fluid  particle,  and  (3)  the  high-dimensionality  for  inhomo¬ 
geneous  case[5,  7,  10].  In  order  to  extract  further  knowledge  of  turbulence  from 
the  LRA,  we  need  development  of  efficient  methods  to  solve  the  spectral  closure 
equations  numerically. 

2  LRA  equations  for  two-dimensional  turbulence 

The  LRA  gives  a  set  of  closed  evolution  equations  for  the  Lagrangian  veloc¬ 
ity  correlation  and  response  functions[l].  For  homogeneous  turbulence  in  two 
dimensions,  they  are  of  the  form 

Qij{k,t,s)  -  Pij{k)Q{k,t,s),  Gij{k,t,s)  -  Pij{k)G{k,t,s),  (1) 
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in  the  wavevector  space,  where  Pij{fi)  =  6ij  —  kikj/k^  is  the  projection  operator. 

One  of  the  characteristics  of  the  LRA  is  that  the  fluctuation  dissipation 
relation  for  the  Lagrangian  velocity  correlation  function  holds  exactly  as 

Q(k,t,s)  =  G{k,t,s)Q{k,s,s),  t  >  s.  (2) 

A  variant  of  the  LRA,  called  MLRA,  is  obtained  by  assuming  the  Markovianized 
fluctuation  dissipation  relation 

Q{k,  t,  s)  =  G{k,  t,  s)Q{k,  t,t),  t>s.  (3) 

The  MLRA  satisfies  the  realizability  condition,  i.e.,  the  non-negativity  of  the 
energy  density [5]. 


3  Simplified  MLRA  equations 

In  order  to  achieve  high  computational  efficiency  of  the  MLRA  equations,  we 
simplify  the  MLRA  equations.  The  simplified  MLRA  equations  may  be  written 
in  the  form 


Q{k,t)  =  D{k,t)+D{-k,t), 
t)r^  C7(fc,*,T)  =  0,  r  >  0, 


G{k,t,0)  =  1, 


(4) 

(5) 

(6) 


where  D{k,t)  is  the  energy  transfer  function  among  the  wavevector  components 
arising  from  the  nonlinear  term  of  the  NS  equation  and  fJ^{k,t)  is  the  nonlinear 
eddy  damping.  D(k,t)  and  fj,(k,t)  are  functions  of  Q  and  G-  They  are,  in 
general,  of  the  form  of  time  integral  of  the  wavevector  convolution  sum  over  the 
Lagrangian  history  of  fluid  particle 


rt 

S(k)  ~  /  ds'^A{p,s)B(q,s)C(k,s),  (7) 

“'o  p,q 


where  S{k,t)  denotes  D{k,t)  or  p{k,t)[l,  8]. 


4  Convolution  sum  and  time  integral 

For  the  convolution  sum  in  the  wavevector  space,  a  novel  method  using  the 
fast  Fourier  transform  (FFT)  has  been  developed  by  the  present  authors[8].  The 
sum  of  (7)  is  computed  by  transforming  A{p)  and  B{q)  by  FFT,  and  multiplying 
them  in  physical  space  and  again  transforming  the  result,  A{x)B{x),  back  into 
the  Fourier  space. 
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In  order  to  reduce  computational  work  for  the  time  integral,  we  have  used 
the  Fade  approximation  for  the  nonlinear  terms[10].  The  idea  is  simple.  Let  us 
write  (7)  as  D{t)  =  H{t,  s)ds.  By  expanding  H  in  r  =  t  —  s  as  H{t,T)  = 
Ho{t)  +  Hi(t)T  +  H2{t)T^  +  ■  •  ■ ,  we  seek  an  approximation  to  H{t)  in  the  form 
of  rational  function 

where  t  is  suppressed  and  Dm(^)  is  a  polynomial  function  of  the  order  M. 
Coefficients  of  the  polynomials  are  so  determined  that  the  coefficients  of  the 
Taylor  expansion  of  the  rational  function  coincide  with  those  of  the  original 
expansion  of  H  up  to  the  order  +  M[ll]. 

Suppose  that  the  two  dimensional  wavevector  space  is  discretized  by  A^a,.  x  A^a 
grid  points,  and  the  number  of  time  steps  is  T.  The  present  method  then  requires 
0{T{N  +  log2  A^A:)  arithmetic  operations,  which  is  much  smaller  than 

0(T^7V|)  required  in  the  direct  method,  where  N  and  M  are  the  order  of  the 
Fade  approximant. 


5  Numerical  comparison 

We  have  compared  the  results  of  two  sets  of  the  spectral  equations  with  those  of 
DNS.  One  is  the  MLR  A  equations  without  Fade  approximation  (but  with  FFT), 
and  the  other  is  the  simplified  MLRA  equations  with  both  Fade  approximation 
and  FFT.  Time  integration  along  the  Lagrangian  history  is  done  by  the  trape¬ 
zoidal  rule.  The  comparison  was  made  for  the  decaying  turbulence  with  an  ini¬ 
tially  isotropic  energy  spectrum  E{k)  —  Ck‘^  exp{-{k/ko)^)  with  A:o  =  8,  where 
the  Reynolds  number  at  i  =  0  is  59,  and  Nj.,  =  2^,  the  wavenumber  discretization 
Ak  =  3,  the  minimum  and  maximum  wavenumbers  kmin  =  Ak,kmax  =  320,  the 
time  discretizations  At  —  0.005,  dr  =  0.01,  the  kinematic  viscosity  j/  =  3  x  10“^ 
and  uokotniax  =  6.86  (uo  is  the  characteristic  velocity  of  the  energy  containing 
range).  One  advantage  of  the  present  method  compared  to  the  DNS  is  that  Ak 
may  be  taken  larger  than  the  one  required  in  the  DNS.  In  fact,  it  was  found  that 
the  present  method  is  very  insensitive  to  the  width  Ak. 

Figures  1  and  2  show  the  comparison  of  evolution  of  the  total  enstrophy 
and  the  average  rate  of  enstrophy  dissipation  with  DNS.  [N/M]  denotes  the 
order  of  the  Fade  approximant  used  in  the  computation.  The  agreement  of  the 
MLRApa^/e  is  quite  good.  Figures  3  and  4  are  the  comparison  of  the  enstrophy 
and  enstrophy  transfer  spectra  at  the  final  time.  Again  the  agreement  of  the 
simplified  MLRAparfe  is  satisfactory.  The  CFU  time  and  memory  size  for  the 
present  method  were  found  to  be  reduced  to  aboutl/10  on  SX3  (NEC)  machine. 

The  results  of  the  comparison  are  very  satisfactory  and  seem  to  be  encour¬ 
aging  for  further  applications  of  the  present  method  to  anisotropic  turbulence. 
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Figure  1:  Evolution  of  the  total  enstro- 
phy. 


Figure  3:  Comparison  of  k'^E{k,t)  at 
uokot  =  0  and  6.86. 
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Figure  2:  Evolution  of  the  total  enstro- 
phy  dissipation  rate. 


Figure  4:  Comparison  of  k'^T{k,t)  at 
Uokot  =  6.86. 
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1  Introduction 

Local  Energy  Transfer  (LET)  theory  [1]  [2]  is  a  two-point,  two-time  closure 
currently  applied  to  incompressible,  homogeneous,  isotropic  turbulence.  Based 
on  renormalized  perturbation  theory,  LET  produces  a  closed  set  of  integro- 
differential  equations  with  no  free  parameters.  LET  occupies  a  unique  posi¬ 
tion  as  the  only  Eulerian  closure  compatible  with  Kolmogorov’s  law.  In 

terms  of  the  Fourier  transformed  velocity  correlation  Q{k;t,t')  and  a  propagator 
function  the  LET  equations  are 

I  ^  I  Q{k;t,t)  =  2P{k  \  t,t), 

with  an  inertial  transfer  term  P[k\t^t')  given  by 

P(fc;  t,  t')  =  /  j/j'  dsH{k-,  f,  s)Q{j-,  t,  s)Q(|k  -  j|;  (,  s) 

-  fg  dsH(j-,t,  s)Q(k\  s,  i')<3(|k  -  j|;  s)  | , 

where  Lkj^  is  a  geometrical  factor  (see  [1]  for  details). 

As  part  of  an  ongoing  investigation,  the  LET  equations  have  been  solved  nu¬ 
merically  and  their  predictions  compared  with  ensemble-averaged  output  from 
multiple  runs  of  an  established  Direct  Numerical  Simulation  (DNS)  code  [3]. 
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2  Numerical  Procedures 

Us(3  of  different  initial  velocity  fields  in  the  DNS,  all  conforming  to  the  required 
initial  energy  spectrum,  leads  to  variations  in  the  data  and  ‘error  bars’  have 
been  constructed  for  the  DNS  results  indicating  this  range  of  variation.  These 
‘error  bars’  are  defined  as  ±  3  standard  deviations  of  the  ensemble- average.  To 
study  the  performance  of  LET  in  freely  decaying  turbulence,  four  standard  test 
problems  [1]  were  investigated.  These  all  used  a  common  initial  energy  spectrum 
but  employed  different  viscosity  values  in  order  to  achieve  a  range  of  Taylor- 
Reynolds  numbers  from  i?.A(0)  ~  3  to  Rx(0)  ~  130.  A  new  test  of  LET  theory 
has  also  been  made  using  forced  turbulence.  Forcing  is  accomplished  by  injecting 
energy  into  the  k  =  I  wavenumber  mode  of  the  system  at  a  constant  rate.  This 
is  effected  by  a  modification  of  the  Fourier  transformed  correlation  functions. 
Using  a  new  Time  History  Integral  TYuncation  approximation  to  economize  on 
computer  memory  requirements,  fully  evolved  stationary  turbulent  systems  have 
been  developed.  Forced  LET  has  been  calculated  for  evolved  Taylor- Reynolds 
numbers  Rx  ~  90  and  Rx  —  230.  These  results  are  compared  to  DNS,  theoretical 
predictions  and  experimental  data. 


3  Results 

Figures  lA  and  IB  illustrate  the  energy  and  transfer  spectra  at  a  number  of 
times  in  a  free  decay  with  initial  Taylor-Reynolds  number  Rxi^)  —  130.  In  both 
cases,  the  LET  results  lie  close  to  or  within  the  error  bar  bounds.  Figures  2A 
and  2B  illustrate  a  range  of  integral  parameters  from  the  same  run.  Agreement 
is  generally  good  although  the  LET  velocity  derivative  skewness  value  is  a  little 
low  in  comparison  to  DNS.  This  under-estimation  of  energy  transfer  is  also  seen 
in  Kraichnan’s  DIA  [4].  This  matter  is  still  under  investigation.  Figure  3 A 
shows  a  comparison  of  an  evolved  energy  spectra  from  a  forced  LET  calculation, 
an  analogous  DNS  calculation  and  the  theoretical  form  proposed  by  Qian  [5]. 
Agreement  is  good  for  intermediate  and  high  wavenumbers.  Figure  3J5  shows  the 
same  LET  and  DNS  spectra  compared  with  our  own  calculation  of  Kraichnan’s 
DIA  and  Kida  k  Goto’s  Lagrangian  DIA  [6].  Figure  4  shows  one-dimensional 
energy  spectra  from  forced  LET  runs  at  two  different  evolved  Taylor-Reynolds 
numbers  Rx  ^  90  and  Rx  230  compared  with  a  range  of  experimental  findings. 
Agreement  is  excellent. 


4  Conclusions 

Computational  solutions  of  the  Local  Energy  Transfer  theory  equations  for  both 
freely  decaying  and  forced  isotropic  turbulence  agree  well  in  general  with  other 
sources  of  turbulence  data. 


E(k)E'^k“  Assorted  Integral  Parameters  <E(k)/IL(0)u(0)']> 
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Figures  lA  k  IB:  Energy  k  Transfer  Spectra  at  various  times  during  a  free 
decay:  Comparison  of  LET  with  DNS  at  i?A(0)  cr:  130 


Figures  2A  k  2B:  Integral  parameter  evolution  during  a  free  decay: 
Comparison  of  LET  with  DNS  at  Rx{0)  ~  130 


Figures  SA  k  SB:  Forced  LET  and  DNS  evolved  energy  spectra  in  comparison 
with  A)  Qian  spectrum  B)  Kraichnan’s  DIA  and  Kida  k  Goto’s  Lagrangian 

DIA 
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Figure  4:  One-dimensional  forced  LET  evolved  energy  spectra  compared  with 
a  selection  of  experimental  findings 


Computational  facilities  were  provided  by  the  Edinburgh  Parallel  Computing 
Centre.  A.  P.  Quinn  would  like  to  acknowledge  the  financial  support  of  the  En¬ 
gineering  and  Physical  Sciences  Research  Council. 
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1  Introduction 

Wyld’s[l]  diagram  and  the  hypothesis  that  Reynolds  stresses  can  be  decomposed 
into  isotropic  and  anisotropic  (or  rapid  and  slow)  components  expansion  method 
are  the  starting  points  of  this  analysis.  The  isotropic  component  has  been  in¬ 
vestigated  intensely  and  shown  to  be  amenable  to  the  universal  scaling  law  as 
referred  to  by  Kolmogorov  [2]  for  locally  isotropic  turbulence.  The  anisotropic 
component  is  more  variant  with  respect  to  the  flow  conditions. 

Wylcl  [1]  truncated  his  series  at  the  first  order  to  get  a  solution  of  the  integral 
equations  for  homogeneous  isotropic  turbulence.  However,  this  turbulence  model 
is  not  optimal  to  represent  the  turbulence  in  sheared  or  bounded  flows  since  for 
these  conditions,  anisotropy  is  observed  to  be  part  of  the  coherent  structure. 
The  authors  present  an  extension  of  the  diagram  method  to  study  anisotropic 
turbulence  and  a  provide  a  numerical  solution  of  the  closure  equations. 

The  model  will  be  applied  to  fully  developed  turbulent  flow  of  an  incom¬ 
pressible  fluid  in  a  channel.  The  coordinate  in  the  direction  of  the  mean  flow  ( 
stream  wise  direction)  is  xi  while  X2  is  the  direction  normal  to  the  channel  walls. 
The  two  walls  are  identical.  The  origin  of  X3,  the  coordinate  in  the  spanwise 
direction,  is  taken  at  the  middle  of  this  channel  whose  width  is  2  h.  Since  the 
flow  is  fully  developed,  the  mean  flow  is  two-dimensional  and  is  a  function  of  X2 
only.  Similarly  the  second  order  correlation  tensor  with  Cartesian  components 

Qij{x,t]x' ,t')  =  {ui{x,t)uj{x’  ,t’))  (1) 

is  a  function  of  five  variables  only,  namely 

xi-x[,  X2,  ,.x-2,  xs-Xg,  t-t'  (2) 
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The  non-dimensional  governing  equations  of  incompressible  fluid  flow  in  this 
coordinate  system  are  given  by: 


dui 

dxi 


=  0 


(3) 


dui 

dt 


dxi 


+  +  (5,1. 

Re 


(4) 


where  6ij  is  the  Kronecker  delta  and  (2  is  the  Laplacian  operator  and  Einstein 
summation  convention  is  used.  No-slip  boundary  conditions  are  applied  at  both 
walls. 


2  New  Formulation 


The  correlation  tensor  is  composed  of  two  components;  namely,  the  isotropic 
and  anisotropic  parts.  The  spectral  shape  of  the  individual  components  is  con¬ 
served;  thus  any  manipulation  preserves  that  characteristic.  This  was  validated 
by  L’vov  and  Procaccia[3]  who  found  that  perturbative  theory  does  not  violate 
the  Kolmogorov  scaling  law.  Although  the  diagram  method  is  a  perturbation 
theory,  this  study  does  not  consider  the  anisotropic  velocity  component  as  a  per¬ 
turbation  induced  by  the  mean  strain.  It  arises  from  the  action  of  the  anisotropic 
forcing  term  and  satisfies  the  following  equation: 

5“^  {kxJ,k~,uj)  = 

?(1)  1  U  \  ^  Pijni 

Ji  h  2  1/2 

The  variables  of  primary  importance  are  the  correlation  tensors  > 

The  superscripts  0  and  1  denote  the  isotropic  and  anisotropic  components,  re¬ 
spectively.  Formulation  of  an  evolution  equation  for  these  correlation  tensors  is 
accomplished  by  formal  diagram  expansion  and  consolidation.  What  is  new  in 
the  author’s  approach  is  the  extension  of  the  diagram  expansion  to  a  tensor  from 
a  scalar  functions.  Thus,  construction  of  these  diagrams  follows  rules  similar  to 
the  general  rules  of  the  Feynman  diagrams,  modified  to  account  for  anisotropy. 
Henceforth,  the  following  notation-out  convention  is  used: A;  =  {L^A^k-,Lo) 

The  diagram  expansion  is  constructed  by  the  definition  of  a  Green’s  function 
(propagator)  S,  an  unperturbed  isotropic  velocity  (with  upper  script  0  ),  and  an 
unperturbed  anisotropic  velocity  (  with  upper  script  1)  defined  as  follows: 


^  {k,J,k,,co)uy^  (5) 


Sik)  = 


icj 


1 _ 


(6) 


(7) 
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ui^^k)  =  s{k)p^  (8) 

Then,  the  evolution  equations  for  the  isotropic  and  anisotropic  velocity  compo¬ 
nents  are  derived  as; 


u^^\k)  =  u 

=  u 


+  S{k) 

Ut 

k  =  ki  +  A’2 

(9) 

%\k)  +  S{k) 

u^i^\ki)uf\k2) 

(10) 

T  k  =  ki  +  ko 


where  g  captures  the  pressure  effects.  The  velocity  is  then  considered  as  a  power 
series  of  the  parameter  g  and  is  used  to  calculate  the  velocity  correlation  tensor 


(11) 


The  perturbation  series  by  themselves  are  of  course  not  useful  as  an  approx¬ 
imation  scheme  for  turbulence  closure.  Rules  are  developed  to  generalize  and 
consolidate  the  diagrams  which  result  in  the  anisotropic  correlation  function, 
generalized  vertex  function,  and  propagator  shown  in  Figure  1.  The  correspon¬ 
dence  principle  applied  to  these  diagrams  and  their  isotropic  counterpart  pro¬ 
duces  a  set  of  six  simultaneous  integral  equations  which  make  up  the  turbulence 
closure  model.  The  closure  equations  are  solved  numerically  and  selected  results, 
applied  to  turbulent  flow  in  a  channel  are  shown  in  figures  2  and  3.  These  results 
are  in  good  agreement  with  reported  results  of  Kim  et.  al.[4] 


r  n  F('k,C3  +  2 


(S)  - 


+  4- 


Figure  1:  Integral  equations  for  the  anisotropic  correlation  spectrum,  generalized 
vertex  function,  and  propagator 


3  Conclusions 

The  key  contributions  have  been  the  extension  of  diagram  method  to  include 
the  anisotropic  tensor  representation  of  the  turbulent  velocity  correlation  func¬ 
tion  and  the  application  of  this  model  to  numerical  simulations  of  turbulent 
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Figure  2:  Disturbance  profile  at  Figure  3.  profile  at  Re  3850 

Re=3850 


flows.  Additionally,  the  definition  of  new  variables  and  consolidation  rules  are 
proposed  for  the  analysis  of  mixed  scalar  and  tensor  elements.  The  analysis  is 
done  systematically  and  all  the  variables  have  a  physical  representation.  The 
propagator  S(k)  is  the  diffusion  operator,  the  vertex  function,  r(A:,A:),  describes 
pressure  effects,  and  the  scalar  representation  of  the  correlation  tensor  Qij(k) 
is  the  kinetic  energy  of  the  flow.  Owing  to  this  characteristic,  this  approach  is 
useful  for  a  closure  scheme. 

The  first  author  gratefully  acknowledges  the  U.S.  Army  High  performance 
Computing  Center  and  NASA  Langley  Research  Center. 
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1  Introduction 


The  effects  of  compressibility  in  a  nearly  homogeneous  and  nearly  isotropic  flow 
of  decaying  turbulence  have  been  investigated  experimentally  by  carrying  out 
high  resolution  measurements  (of  the  order  of  7  to  26  Kolmogorov  viscous  length 
scales)  in  a  large  scale  shock  tube  research  facility.  The  measurements  were  car¬ 
ried  outinside  the  induced  flow  behind  the  traveling  shock  wave.  Time-dependent 
measurements  of  one,  two  or  three  velocity  components  have  been  carried  out. 
Measurements  of  the  vorticity  vector  and  the  full  dissipation  tensor  at  limited  lo¬ 
cations  inside  the  flow  have  been  also  attempted  for  the  first  time  in  compressible 
flows. 


Figure  1:  Flow  schematic 


A  variety  of  grids  of  rectangular  pattern  of  dif- 
ferentmesh  size  was  used  to  generate  the  flow 
field.  The  Reynolds  number  of  the  flow  based 
on  the  mesh  size,  Rcm  ,  ranged  from  50,000  to 
400,000  while  the  turbulent  Reynolds  number 
Re  based  on  Taylor’s  microscale  was  between 
200  and  700  whichconstitutes  one  of  the  high¬ 
est  scale  ever  achieved  in  laboratory  flow.  The 
range  of  Mach  number  of  the  flows  investigated 
was  between  0.3  and  0.6  which  was  low  enough 
to  assure  a  shock  free  flow  and  reasonably  high 
enough  to  contain  compressibility  effects. 
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2  Results 

The  effects  of  compressibility  can  be  classified  into  two  categories.  The  first  cate¬ 
gory  includes  those  effects  which  have  a  direct  impact  on  the  flow.  Compressible 
dissipation,  for  instance,  is  a  typical  example  of  a  quantity  which  expresses  a 
direct  effect  of  compressibility  on  total  dissipation.  The  indirect  effects  comprise 
the  second  category.  This  include  effects  which  change  the  local  or  global  behav- 
iorof  the  flow  and  therefore  may  cause  significant  changes  of  the  incompressible 
part  of  the  flow.  Increasing  the  Mach  number  of  the  flow,  for  instance,  can 
change  the  level  of  turbulent  fluctuations  in  the  flow  which  may  subsequently 
affect  the  dissipation  rate,  particularly  the  incompressible  part  which  accounts 
for  most  of  the  total  dissipation  in  cases  like  the  present  subsonic  flow.  Direct 
effects  of  compressibility  on  turbulence  may  be  described  by  the  turbulent  Mach 
number  Mt  ,  while  indirect  effects  on  turbulence  may  be  characterized  by  the 
flow  Mach  number  Mfiow,  andthe  Reynolds  number  B-Cm- 

The  parameters  M/  ,  Mfiow 
and  i?eM:  however,  not 

completely  independent  from 
each  other.  A  change  in  any  of 
the  three  may  cause  a  change 
in  the  other  two.  In  that  re¬ 
spect,  the  effects  which  each 
of  the  nominally  independent 
variables  impose  on  the  flow 
may  be  difficult  to  distinguish. 
An  attempt  has  been  made 
here  to  identify  the  effects  of 
Mfiow  and  Rcm  on  homoge¬ 
neous  and  isotropic  turbulence. 

The  isotropy  of  the  present  flow  was  verified  experimentally  and  it  was  found 
to  be  within  the  range  reported  for  incompressible  flows.  In  fact,  it  was  es¬ 
tablished  for  the  first  time  that  isotropic  compressible  turbulence  at  moderate 
subsonic  Mach  numbers  can  be  setup  experimentally. 

The  decay  of  Mach  number  fluctuations  shown  in  figure  2  was  found  to  follow 
a  power  law  behavior  similar  to  that  describing  the  decay  of  incompressible 
isotropic  turbulence 

Mf  =  B[x/M  -  {x/M)o]-^^ 

where  B,  {x/M)o  and  n  are  constants  depending  on  the  flow  Mach  numberas  well 
as  on  the  Rcm  a^nd  grid.  These  constants  have  been  determined  concurrently  so 
that  the  residual  deviation  fromthe  original  data  is  minimized.  This  approach 
represents  a  departure  from  previous  practices  where  one  of  the  three  parameters 
was  fixed  and  the  other  two  were  determined  through  a  best  fit  of  the  data 


x/V 


Figure  2:  Decay  of  Mach  number  fluctuations 


Compressibility  effects  in  grid  generated  turbulence 


709 


procedure.  In  that  context,  direct  comparison  of  the  present  data  with  previously 
obtained  values  of  any  of  the  three  constants  may  not  be  feasible.  A  direct 
consequence  of  the  procedure  followed  in  this  investigation  may  be  the  fact  that 
the  exponent  n  has  been  found  to  reach  values  below  1,  which  indicates,  in 
principle,  a  slower  decay  rate  than  that  found  in  many  previous  cases  under  the 
assumption  that  one  of  the  three  unknown  constants  should  be  fixed. 

Figures  3  and  4  show  the  power  spectral  density  of  the  turbulent  kinetic 
energy  l/2uiUi  and  enstrophy  l/2cJiLJi  weighted  by  the  wavenumber  ki  =  27r/A 
asmeasured  in  the  present  investigation  for  the  case  ofthe  2x2  grid.  The  stream- 
wise  wavenumber  ki  =  277//C/1  was  computed  by  assuming  the  local  longitudinal 
mean  velocity  as  the  convection  velocity  (Taylor  s  hypothesis).  Wavenumbers 
have  been  non-  dimensionalized  by  the  mesh  size  M.  In  the  case  of  Mfiou,  —  0.308 
which  is  shown  in  figure  3,  the  maximum  value  of  the  spectral  density  of  turbu¬ 
lent  kinetic  energy  occurs  at  approximately  kiM  =  4.5  while  the  maximum  value 
of  the  spectral  density  of  enstrophy  occurs  at  about  k^M  =  7.  This  difference 
in  the  maxima  of  spectral  energies  indicates  a  shift  towards  higher  wavenum¬ 
bers  of  enstrophy  fluctuations  which  suggests  that  they  are  mainly  a  result  of 
a  greater  proportion  of  contributions  by  the  smaller  scales  whereas  the  kinetic 
energy  comes  from  relatively  larger  eddies. 


Figure  3:  Figure  4: 

Weighted  power  spectral  densities  for  turbulent  kinetic  energy  and  enstrophy 

In  the  case  of  Mfiow  =  0.388,  shown  in  figure  4,  the  maximum  energy  of 
T.K.E.  is  found  to  occur  at  about  the  same  wavenumber  as  in  the  case  of  Mfiow  = 
0.308  i.e.  at  kiM  =  4.5,  while  the  maximum  energy  of  enstrophy  occurs  at  a 
lower  wavenumber  kiM  =  5.8.  Once  more,  thedata  show  that  there  is  a  shift 
towards  higher  wavenumbers  in  the  case  of  enstrophy  maxima.  However,  it 
appears  that  increasing  Mfiow  reduces  the  difference  between  the  wavenumbers 
where  the  maxima  of  kinetic  energy  and  enstrophy  occur.  If  one  considers  that 
the  peak  in  T.K.E.  represents  the  size  of  large  energy  containing  eddies  and 
that  the  peak  in  enstrophy  represents  mostly  small  energy  dissipating  eddies 
then  it  would  be  expected  that  this  difference  or  shift  increases  with  increasing 
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R,eynolds  number.  The  fact  that  this  shifts  decreases  with  Mach  number  in  the 
present  case  indicates  that  the  effect  of  Mjiow  in  reducing  this  difference  becomes 
stronger  than  the  effect  of  Reynolds  in  increasing  it. 

3  Conclusions 

An  attempt  has  been  made  to  measure  all  time-dependent  velocity  gradients 
involved  in  vorticity,  its  stretching,  enstrophy  and  dissipation  rates  with  ade¬ 
quately  spatial  and  temporal  resolution.  This  allowed  estimates  of  dilatation 
.s7:a,,  compressible  dissipation  and  compressible  stretching  uJiS^k  to  be  ob¬ 
tained.  These  quantities  aredirectly  associated  with  compressibility  effects.  A 
common  feature  of  all  these  quantities  is  that  their  fluctuations  properly  normal¬ 
ized  by  M  and  Ui,  increase  with  increasing  Mach  number  of  the  flow.  Although 
this  behavior  maybe  expected,  if  one  considers  that  in  compressible  shear  lay¬ 
ers  increasing  M flow  suppresses  turbulent  fluctuations  then  this  conclusion  is 
surprising. 

The  results  of  the  present  investigation  have  also  shown  that  enstrophy  fluc¬ 
tuations  which  comprise  the  solenoidal  part  of  dissipation  are  reduced  with  in¬ 
creasing  Mfiow,  a  conclusion  which  is  also  verified  by  the  results  ofdissipation 
obtained  through  the  decay  rate  of  turbulent  kinetic  energy  for  the  case  of  coarse 
grids. 

The  time-dependent  signals  of  enstrophy  dilatation  Skh,  compressible 

dissipation  s'lj.  ,  and  the  three  components  of  the  stretching  vectors  UiSki  and 
UiSkk  indicated  a  highly  intermittent  behavior  which  is  characterized  by  bursts 
of  high  amplitude  followed  by  less  violent  periods  of  time.  The  results  also  show 
that  the  mean  values  of  all  these  quantities  are  considerably  smaller  than  their 
r.m.s.  values  which  suggests  that  time-averaged  vorticity  transport  equations 
are  of  very  limited  value  in  understanding  vorticity  related  phenomena. 
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PhD  theses  by  G.  Briassulis  (1996)  and  J.  Agui  (1998). 
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1  Introduction 

Over  the  next  decade  a  significant  reduction  of  the  acoustic  emissions  of  jet 
engines  of  commercial  airliners  will  be  needed  to  meet  the  ever  increasing  airport 
noise  regulations.  In  order  to  make  this  reduction  possible,  it  is  necessary  to 
develop  prediction  methods  which  are  capable  of  predicting  the  noise  emitted 
by  a  jet. 

Traditional  jet  mixing  noise  predictions  are  based  on  a  statistical  description 
of  turbulent  flow  which  may  be  obtained  form  a  Reynolds  averaged  calculation. 
Some  interesting  aspects  of  the  jet  noise  may  be  obtained  from  such  a  method, 
but  it  requires  the  acoustic  sources  to  be  modeled.  Recently,  with  increasing 
computer  power,  it  has  become  possible  to  calculate  the  acoustic  field  of  a  jet 
using  Direct  Numerical  Simulation  (DNS)  ([3]).  However,  DNS  of  jet  flows 
is  limited  to  low  Reynolds  numbers.  Practical  jets  have  rather  high  Reynolds 
numbers  and  thus  the  turbulence  within  such  jets  has  a  wide  range  of  spatial  and 
temporal  scales.  Furthermore  the  energy-containing  scales  themselves  chance 
by  a  large  factor  from  regions  near  the  nozzle  to  the  end  of  the  potential  core. 
Evidently,  DNS  of  a  high  Reynolds  number  jet  would  be  prohibitively  expensive. 

Another  attractive  simulation  technique  is  the  so-called  Large  Eddy  Simu¬ 
lation  in  which  the  large  scales  are  resolved  on  the  computational  grid  and  the 
small  scales  are  modeled  with  a  rather  simple  model.  The  justification  behind 
this  is  that  the  small  scales  are  not  very  important  for  the  overall  flow  statistics 
and  that  they  do  not  contain  much  energy.  The  advantage  of  the  LES  method 
is  that  it  is  possible  to  calculate  flows  with  high  Reynolds  numbers,  but  there 
may  be  some  uncertainty  in  the  results,  especially  those  related  to  small  scale 
motions. 
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2  The  filtered  equations 


Conventional  LES  methods  for  compressible  flows  use  the  Favre  averaged  (or 
density)  weighted  equations  [1]  .  The  resulting  equations  are  rather  simple  and 
no  model  term  appears  in  the  density  equation.  However,  the  non-linear  term  in 
the  continuity  equation  can  give  rise  to  an  instability  and  damping  by  the  LES 
model  can  be  necessary.  Therefore  we  use  in  this  study  the  non-Favre  averaged 
set  of  LES  equations.  They  read: 


dp  dp  Ui 
dt  dxi 


dx, 


(pUi  -  pUi), 


dp  Ui  ^  dp  Ui  Uj 


dt 


dxi 


dp  dcjij  d  , _ _ _  .  d  . _ _ . 


In  which  p  is  the  LES  filtered  density,  p  the  LES  filtered  pressure,  Ui  the  LES 
filtered  velocity  and  aij  is  the  Newtonian  stress  tensor 


(Jij  =  H 


_  /  dui  duj  2  dui,. 

dxi  3  dxk 


The  LES  filtered  equation  for  the  total  energy  reads 

dE  d  _ _ ,  dqi  d _  d  _  _ _ v 

^  +  a;:"-' ^  u,+p>^,-pui] . 


Qi  = 


.dT 

dxi 


In  which  T  is  the  temperature,  and  k,  the  thermal  diffusivity.  The  subgrid  terms 
are  modeled  with  simple  models  based  on  a  gradient  hypothesis.  For  instance 

irii  =  pul  -pUi  =  -Cph^\S\^- 


In  which  A  is  the  filter  width  of  the  LES  filter,  and  Cp  a  coefficient  which  is 
obtained  from  the  dynamic  procedure  [1]  and  5  is  the  strain  rate  tensor  defined 
as 

C  _  1  _L 

-  2  [dxj  ^  dxij  ■ 

For  the  subgrid  stresses  we  can  use  again  a  model  based  on  the  Boussinesq 
hypothesis  [1] 

puiUj  -pui  Uj  —  pCsA’^\S\Sij  =  putSij 

In  which  Cs  is  the  well  known  Smagorinsky  coefficient  which  is  evaluated  using 
the  dynamic  procedure  and  ut  the  so-called  eddy  viscosity. 
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With  the  help  of  the  equation  of  state  we  can  rewrite  the  subgrid  term  in  the 
energy  equation  as 

^puif  -pujT+  ^pUiUkUk  -^puiukUkj 

The  triple  correlation  is  assumed  to  be  small.  The  remaining  term  has  been 
modeled  with  the  following  model: 

_  ___  dT 

puiT  -  p  Ui  T  = 

In  which  Ct  is  again  a  model  coefficient  which  is  calculated  dynamically. 

The  numerical  scheme  is  the  same  as  used  by  [3].  The  Favre  filtered  LES 
equations  are  solved  in  a  cylindrical  system  using  6th  order  compact  differences 
in  radial  and  axial  direction  and  a  Fourier  method  in  the  tangential  direction. 
Time  integration  is  accomplished  by  a  4th  order  Runga-Kutta  method. 


3  Results 

In  this  section  we  will  present  some  results  of  a  LES  simulation  on  a  grid  which 
consisted  of  256  x  150  points  in  the  axial  radial  and  circumferential  direction 
respectively.  The  Reynolds  number  based  on  the  orifice  velocity  and  jet  diameter 
was  equal  to  50,000.  The  length  of  the  computational  domain  is  equal  to  22.5 
jet  diameters.  In  Figure  1  we  show  a  snapshot  of  the  resolved  density  and  the 
resolved  total  vorticity  in  the  jet.  In  the  first  10  diameters  the  flow  is  axis- 
symmetric.  Farther  downstream  the  flow  becomes  fully  three  dimensional. 

4  Future  work 

The  aim  of  this  project  is  to  calculate  the  sound  field  of  the  jet.  Until  now  we 
have  put  most  of  our  effort  in  the  calculation  of  the  flow  itself.  In  the  near  future 
we  will  put  more  emphasis  on  the  acoustics. 
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1  Introduction 

Large-eddy  simulation  (LES)  has  matured  to  be  a  tool  for  studying  simple  turbu¬ 
lent  flows  at  flow  parameters  which  render  Direct  Numerical  Simulation  (DNS) 
infeasible.  For  physically  and  geometrically  complex  flows,  however,  proper 
subgrid-scale  modeling  still  poses  a  considerable  challenge.  In  this  contribu¬ 
tion  we  address  the  LES  of  supersonic  compression  corner  flow,  which  exhibits 
considerable  physical  complexity  due  to  the  interaction  of  shock,  separation,  and 
turbulence  in  an  ambient  inhomogeneous  shear  flow. 

Recently  we  have  developed  a  new  approach  for  LES,  the  Approximate  De- 
convolution  Model  (ADM),  which  is  based  on  a  repeated  filtering  to  approxi¬ 
mately  deconvolve  the  dependent  variables  [1] .  Excellent  a  posteriori  agreement 
with  DNS  was  demonstrated  with  this  approach  for  the  LES  of  turbulent  channel 
flow  [2] .  A  priori  tests  of  a  supersonic  compression  ramp  flow  show  correlations 
well  exceeding  95%  for  all  relevant  subgrid  scale  terms  [3]. 


2  Subgrid-scale  modeling 


We  write  a  generic  (one-dimensional,  for  notational  simplicity)  transport  equa¬ 
tion  as  du/dt  -f  dF{u)ldx  =  0.  By  applying  the  primary  filter  operation 
u{x)  =  G*u(x)  —  G(x  -  x')u(x')dx'  we  obtain  the  filtered  transport  equation 


=  0 


(1) 


Common  practice  is  to  gather  non-closed  terms  in  eq.  (1),  which  arise  from  the 
non-linearity  in  F(u),  as  source  terms  a  on  the  right-hand  side 


du  dF(u)  _  dF(u)  ^  dF{u) 
dt  ^  dx  dx  dx 


(2) 
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In  eq.  (2),  a  is  unclosed  due  to  the  unknown  unfiltered  solution  u,  and  requires 
modeling.  For  the  generalized  coordinates  used  with  the  ramp  configuration 
we  use  discrete  filters  with  a  commutation  error  of  third  order  [4]. 

If  the  filter  G  has  an  inverse  it  can  be  expanded  as  an  infinite  series.  We 
truncate  the  series  at  N  and  obtain  Qjw  as  an  approximation  of  G~^  : 


N 

a-'  =  GY . 

u=Q 


(3) 


where  I  is  the  identity  operator.  The  scries  on  the  right-hand  side  converges  if 
||/  -  G||  <  1.  Since  all  practically  relevant  filter  kernels  G  are  not  invertible, 
only  a  regularized  inverse  can  be  obtained.  From  eq.  (3)  it  is  obvious  that  such 
an  approximate  inverse  is  given  by  Qn  which  is  bounded  by  HQyvIl  <  +  1-  We 

point  out  that  the  series  (3)  has  first  been  emplo3^ed  for  image  reconstruction 
[5].  According  to  our  experience  =  3  is  sufficient  for  acceptable  results  and 
N  >  7  does  not  improve  the  results  significantly.  For  the  results  in  section  3  we 
use  A^  =  5. 

In  our  approach,  the  nonlinear  term  in  eq.  (1)  is  approximated  directly  by 
replacing  the  unfiltered  quantities  u  in  F{u)  with  their  approximate  deconvo¬ 
lution  u*  =  Qn  *  {G  *  u)  =  u  -\-  {u  —  u)  {'iL  —  2u  +  u)  +  ‘  This  implies 


dF(iL)  ^  dF{u*) 


The  effect  of  non-rcpresented  scales  be^mnd  the  numerical  cut-off  wave  number 
=  ir/Ji,  h  being  the  grid  spacing,  cannot  be  represented  by  the  above  proce¬ 
dure  and  requires  an  additional  regularization  to  account  for  the  energy  transfer 
from  scales  with  wave  numbers  |^|  <  non-represented  scales  |^|  >  Gi-  This 

is  achieved  adding  a  relaxation  term  —{I  —  Qn  *G)  *  u/T  to  the  right-hand  side 
of  eq.  (1)  which  acts  only  on  the  scales  G  <  Kl  <  in-  We  found  that  the  method 
is  rather  insensitive  to  the  relaxation  parameter  T  which  can  be  dynamically  es¬ 
timated  from  the  instantaneous  filtered  solution  [4].  The  order  of  this  secondary 
filter  is  the  given  by  the  order  of  the  primary  filter  multiplied  by  A^  4-  1.  To 
summarize,  the  equation  which  is  solved  instead  of  eq.  (2)  is  given  by 


dF{u*) 


-^{I-Qn*G)*u 


(5) 


3  LES  of  shock-boundary-layer  interaction 

The  turbulent  boundary  layer  along  a  compression  ramp  with  a  deflection  angle 
of  18'’  at  a  free-stream  Mach  number  of  M  =  3  and  a  Reynolds  number  of 
B.eo  =  1685,  based  on  free-stream  quantities  and  mean  momentum  thickness  at 
inflow,  was  computed  by  LES  with  the  Approximate  Deconvolution  Model.  The 
resolution  of  the  LES  was  250  x  30  x  90,  while  1000  x  80  x  180  grid  points  were 
used  for  the  DNS  [6]  in  the  streamwise  (.Xi),  spanwise  x-2  and  wall-normal  .T3 


RMS{u 
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Figure  1:  Mean  profiles,  (a)  and  (b)  f ; - filtered  DNS  and - LES. 


Figure  2:  Root-mean-squares  of  fluctuations,  (a)  RMS(tt5"),  and  (b)  RMS(T"); 
- filtered  DNS  and - LES. 


directions.  Hence,  the  computational  effort  for  the  LES  was  approximately  one 
percent  of  that  for  the  DNS. 

Unlike  in  the  DNS,  in  LES  flow  discontinuities  are  explicitly  filtered,  and 
the  filtered  discontinuities  can  be  resolved  on  the  mesh.  Accordingly,  no  shock¬ 
capturing  scheme  is  needed  and  a  centered  6th  order  compact  finite-diffeience 
scheme  [7]  is  used  for  the  spatial  discretization  in  the  LES.  Further  details  on  the 
mathematical  model  and  the  boundary  condition  implementation  can  be  found 
in  [8,  4]. 

The  mean-flow  profiles  of  the  Favre-averaged  contravariant  downstream  ve¬ 
locity  Ui  and  temperature  T  are  shown  in  figure  1  along  computational  mesh 
lines  for  five  different  downstream  stations.  Averaging  is  performed  in  time 
and  over  the  homogeneous  spanwise  direction.  We  find  a  very  good  agreement 
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between  the  LES  and  filtered  DNS  data. 

In  figure  2  the  root-mean-square  of  the  Favre-fluctuations  of  the  contravariant 
velocity  RMS(iif')  and  of  the  temperature  RMS(T'")  are  shown  for  the  same 
downstream  stations.  Although  our  results  have  to  be  considered  as  preliminary 
and  additional  statistical  samples  would  improve  the  smoothness  of  the  profiles, 
the  agreement  between  LES  and  filtered  DNS  data  is  remarkably  good. 


4  Conclusions 

We  have  introduced  the  approximate  deconvolution  model  (ADM)  for  the  LES  of 
supersonic  compression  ramp  flow.  The  model  does  not  use  a  priori  assumptions 
and  is  parameter  free  except  for  the  choice  of  the  deconvolution  order  N.  Ac¬ 
cording  to  our  experience  =  5  is  sufficient  for  all  flow  configurations  we  have 
investigated  so  far.  We  would  like  to  point  out  that  the  model  also  performed 
well  in  LES  of  incompressible  turbulent  channel  flow  [2]  and  of  compressible 
decaying  isotropic  turbulence  [1]. 
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1  Introduction 

The  hypersonic  boundary  layer  development  and  its  structure  under  the  influ¬ 
ence  of  disturbing  factors  present  one  of  the  most  complicated  problems  of  fluid 
mechanics.  Such  factors  affecting  the  boundary  layer  are  the  adverse  and/or 
favourable  pressure  gradient,  roughness,  gas  injection,  cooling,  etc.  A  specific 
case  of  this  problem  is  the  study  of  the  flow  with  successive  impact  of  pressure 
gradients  on  the  boundary  layer.  Though  these  factors  are  intensely  studied,  the 
question  of  their  joint  effect  on  the  boundary  layer  still  remains  open.  Differ¬ 
ent  authors  have  carried  out  numerous  and  experimental  investigations  of  the 
boundary  la3^er  structure  and  its  properties  when  it  is  affected  by  a  single  shock 
and  by  an  expansion  fan  in  versatile  flow  conditions.  Similar  studies  when  the 
boundary  layer  is  sequentially  affected  by  adverse  and  favourable  pressure  gradi¬ 
ents  in  an  arbitrar}’’  combination  are  more  scarce.  At  the  same  time,  such  flows 
can  be  often  occur  in  the  flow  around  elements  of  super  and  hypersonic  flying- 
vehicles  (inlets,  nozzles,  etc.). 

Conducted  experimental  investigation  of  a  turbulent  boundary  layer  include 
the  study  of  the  shock  wave  and/or  expansion  fan  action  upon  the  boundary 
layer,  its  separation  and  relaxation.  Complex  events  of  paired  interactions  and 
the  flow  on  compression  convex-concave  surfaces  was  studied.  The  main  aims 
of  the  investigation  were:  a.  separation  and  relaxation  of  boundary  layer;  b. 
skin  friction  and  integral  parameters;  c.  pulsation  characteristics;  d.  successive 
interaction  and  mutual  effects;  e.  effect  of  relaminarization. 

2  Models  and  Results 

Scheme  of  models,  test  conditions  and  types  of  measurements  are  shown  in  Figure 
1.  Two  groups  of  models  were  studied:  2D  and  3D  models  with  shock 
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Figure  1:  Models  and  test  conditions. 


waves  or  expansion  fan  and  with  distributed  pressure  gradient;  a  large  group  of 
axisymmetric  models  with  shock  and  expansion  waves.  These  groups  includ  also 
complex  interactions  (expansion  fan+shock  wave  or  shock  wave+expansion  fan). 
Models  #3  and  #4  can  be  also  assigned  to  this  group.  The  tests  was  performed 
at  Reynolds  numbers  from  8  to  80  million  per  meter.  It  should  be  noted  that 
the  boundary  layer  relaxation  was  studied  in  detail  over  a  large  distance  behind 
the  interaction  region  (from  20  to  200  boundary  layer  thicknesses  -  (5o).  The 
separation  conditions  and  separation  region  structure  were  studied  in  all  cases. 

Some  boundary  layer  characteristics  are  discussed  below.  The  changes  of  the 
momentum  thickness  decreases  by  more  than  2.5  times  in  a  separated  flow  over 
the  length  of  up  to  16  boundary  layer  thicknesses  (Figure  2).  The  changes  of 
the  boundary  layer  thickness  and  displacement  thickness  are  of  the  same  order. 
The  increase  of  the  skin  friction  coefficient  behind  the  shock  wave  was  also  large. 
The  relaxation  region  length  was  larger  at  the  Mach  number  equal  to  3,  when 
the  boundary  layer  separation  was  observed.  The  length  of  this  region  is  roughly 
twice  as  small  in  flow  without  separation  at  the  Mach  number  equal  to  4. 

The  influence  of  the  favourable  pressure  gradient  on  the  boundary  layer  state 
is  also  very  substantial,  despite  the  absence  of  developed  separation.  The  flow 
behind  the  corner  point,  however,  is  also  very  complicated.  A  local  separation 
behind  the  corner  point  was  observed  in  experiments  on  the  axisymmetric  and 
2D  models.  The  changes  of  the  boundary  layer  thickness  behind  the  expansion 
fan,  unlike  the  flow  behind  the  shock  wave,  increases  by  factor  of  three  over  the 
length  of  about  150  (^o  (Figure  3).  The  Reynolds  number  effect  can  also  be  seen. 
It  was  most  significant  immediately  behind  the  expansion  fan  (up  to  25  (^o)-  This 
character  of  changes  is  typical  of  the  entire  Mach  numbers  range  from  2  to  6. 
The  boundary  layer  relaxation  length  behind  the  expansion  fan  was  also  found 
to  be  much  larger  than  behind  the  shock  wave,  and  the  boundary  layer  remains 
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Figure  2;  Momentum  thicknesses  behind  shock  wa.ve. 


Figure  3:  Momentum  thicknesses  behind  expansion  fan. 


kinematically  non-equilibrium  (in  the  sense  of  Klauser)  over  the  length  of  up  to 
200  ^0-  This  can  be  related  to  specific  features  of  the  flow  structure  behind  the 
expansion  fan  and  to  a  possibility  of  complete  or  partial  relaminarization  of  the 
boundary  layer  behind  the  corner  point.  Relaminarization  was  studied  on  2D 
and  axisymmetric  models. 

The  increase  of  relaxation  region  was  also  confirmed  by  the  measurement  of 
mass  flow  fluctuations.  Flow  fluctuations  decreased  behind  the  expansion  fan 
and  was  most  considerable  in  the  middle  part  of  the  layer.  Mass  flow  fluctuations 
started  to  increase  behind  relaminarized  region.  This  increase  was  most  intense 
in  the  near-wall  ])art  of  the  boundary  layer.  It  is  very  important  to  know  the 
difference  in  separation  properties  of  the  boundary  layer  affected  by  the  shock 
wave  or  expansion  fan.  The  action  is  different  in  these  two  cases.  It  was  found 
in  experiments  that  the  fullness  of  the  boundary  layer  velocity  profile  behind 
the  shock  wave  rapidly  increases  and  grows  downstream.  The  velocity  profile 
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fullness  behind  the  expansion  fan,  on  the  contrary,  decreases  downstream.  The 
power  exponent  in  the  power  law  allows  one  to  evaluate  the  fullness  of  velocity 
profile.  For  comparison  Figure  4  and  Figure  5  show  the  power  exponent  in  the 
power  law  for  the  boundary  layer  velocity  profile.  It  is  seen  that  the  values  of 


Figure  4;  Power  exponent  behind  shock 
wave. 


Figure  5:  Power  exponent  behind  ex 
pansion  fan. 


”n”  are  different  behind  the  shock  wave  and  expansion  fan  and  have  the  oppo¬ 
site  evolution  tendencies.  As  a  consequence,  the  boundary  layer  properties  are 
also  different.  After  a,  repeated  action  of  the  shoefv  wave,  the  separation  region 
disappears  or  significantly  decreases  in  size,  whereas  the  separation  was  large 
after  the  first  action  of  the  shock  wave.  The  reverse  result  was  obtained  for  the 
flow  behind  the  expansion  fan.  Turbulization  of  the  boundary  layer  and  its  bet¬ 
ter  ability  to  withstand  separation  follow  the  shock  (adverse  pressure  gradient), 
wlKu-cas  the  boundary  layer  relaminarization  occurs  after  the  expansion  fan,  its 
separation  properties  becoming  worse. 


3  Conclusions 

•  The  action  of  the  shock  wa^^e  and  expansion  fan  leads  to  considerable 
changes  of  structure,  integral  thicknesses  of  the  boundary  layer  and  skin 
friction. 

•  The  length  of  the  boundary  layer  relaxation  behind  the  shock  wave  and 
expansion  fan  is  considerably  different  (20  and  150  boundary  layer  thick¬ 
nesses). 

•  Complex  interactions  cannot  be  considered  as  a  simple  superposition  of  two 
individual  actions.  The  process  is  substantially  nonlinear  and  depends  on 
a  wide  range  of  parameters. 


XXIV 


Vortex  Dynamics 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Multipolar  instability  of  a  vortex  in  a 
deformed  cylinder 

C.  Eloy,  P.  Le  Gai  and  S.  Le  Dizes 

Institut  de  Recherche  sur  Les  Phenomenes  Hors  Equilibrc 
CNRS  UMR  6594,  Universites  Aix-Marseille  I  et  II 
12  avenue  General  Leclerc,  F-13003  Marseille,  FRANCE 

Contact  e-mail:  eloy@marius.imiv-mrs.fr 


1  Introduction 

Filaments  in  turbulent  flows  are  known  to  exhibit  complex  behavior  such  as 
splitting  and  undulation.  These  dynamics  have  been  related  to  the  presence 
of  Kelvin  modes  on  the  filaments  by  Arendt  et  al.  [1].  Besides,  vortices  in 
turbulent  fields  are  subject  to  external  strain  fields  which  deform,  at  first  order, 
their  streamlines  into  ellipses  [2].  This  deformation  leads  to  the  elliptic  instability 
whose  proper  modes  are  precisely  combinations  of  Kelvin  modes  [3,  4,  5]. 

Gledzer  et  al.  [6]  first  evidenced  experimentally  the  elliptic  instability  us¬ 
ing  a  rigid  cylinder  of  elliptic  cross  section  filled  with  water  which  was  sharply 
stopped  after  solid  body  rotation  was  reached.  Later,  Malkus  &  Waleffe  [7]  used 
the  boundary  to  drive  the  flow  inside  a  deformable  cylinder  in  order  to  avoid  the 
transient  effects  of  Gledzer  et  al’s  experiment.  In  the  present  work,  new  experi¬ 
ments  are  carried  out  with  a  set-up  similar  to  Malkus’  one  and  the  instability  is 
generalized  to  azimuthal  symmetries  of  higher  order. 


2  Experimental  set-up  and  theoretical  analysis 

The  core  of  the  experiment  is  a  transparent  plastic  extruded  cylinder  of  radius 
i?  =  2.75  cm  and  variable  length  H  ~  8-22  cm.  The  small  thickness  of  its  wall 
(0.5  mm)  allows  to  deform  it  with  two  or  three  rolls  parallel  to  its  axis  as  shown 
on  Fig.  1.  This  deformed  cylinder  is  rotated  by  a  300  W  variable  speed  electric 
motor  at  a  chosen  angular  speed  Q  =  0.5-10  rad  s“L  The  cylinder  is  filled  with 
water  seeded  by  anisotropic  particles  and  a  laser  sheet  is  formed  in  a  plane 
containing  the  cylinder  axis  for  visualisation. 

When  the  cylinder  is  rotated  and  after  the  transient  phase  of  spin-up,  the 
basic  flow  is  approximatively  described,  in  cylindrical  coordinates  {r,6,z),  by 
the  streamfunction: 

^  _  7^^  +  £7.”  sin(nG,  (1) 
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Figure  1:  Experimental  set-up:  (/)  Plastic  elastic  cylinder;  (//)  rolls. 


n 

mode 

Wth. 

^exp. 

Ath. 

Aexp. 

Fig. 

2 

(-1,1.1) 

0.00 

0.00 

3.98 

3.98 

2a 

2 

(-1,1,2) 

0.00 

0.00 

1.91 

1.87 

2b 

2 

(1.3,1) 

2.04 

2.0 

2.07 

2.03 

2c 

3 

(-1,2,1) 

0.66 

0.65 

1.71 

1.70 

3a 

3 

(0,3,1) 

1.61 

1.5 

1.21 

1.27 

3b 

Table  1:  Theoretical  prediction  of  frequency  and  wavelength  Ath.  of  few 
principal  modes  compared  to  experimental  measurements  Wexp.  and  Aexp.- 


where  e  measures  the  deformation  of  the  streamlines  and  n  is  the  degree  of  az¬ 
imuthal  symmetry  of  the  flow  or  equivalently  the  number  of  rolls  deforming  the 
elastic  cylinder.  Here,  the  variables  are  non-dimensionalized  using  the  character¬ 
istic  length  R  and  time  The  streamfunction  (1)  provides  a  two-dimensional 
flow  of  constant  vorticity  with  an  n-fold  symmetry  which  is  a  generalization  of 
the  elliptical  flow.  Using  global  techniques  (as  done  in  [3,  4]),  the  flow  (1)  was 
shown  to  be  unstable  for  n  =  2,  3  or  4  [5,  8],  giving  rise  to  what  we  shall  call 
the  m,ultipolar  instability. 

The  unstable  modes  of  the  instability  are  shown  to  be  combinations  of 
two  Kelvin  modes  of  same  axial  wavenumber,  same  frequency  and  azimuthal 
wavenumbers  nii  and  777.2  such  that  m2  —  777,1  =  [6].  However,  few  combi¬ 

nations  are  significantly  more  unstable  than  others;  they  are  named  principal 
modes  and  noted  (7771,777,2,7),  where  i  is  an  integer  which  is  an  increasing  func¬ 
tion  of  the  axial  wavenumber.  These  principal  modes  form  standing  waves  of 
given  wavelength  A  and  frequency  u  as  given  in  table  1.  Principal  modes  can 
be  selected  by  viscosity  (for  low  Reynolds  numbers.  Re  =  ClR^/n,  the  modes 
with  the  largest  wavelengths  are  selected)  and  by  the  aspect  ratio  H/R  (the 
wavelength  must  satisfy  IX  =  ^HjR,  with  I  an  integer). 
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Figure  2:  Visualisations  of  the  flow  for  7i  =  2,  Re  =  2500  and;  (a)  H/R  =  7.96; 
(b)  7.49;  (c)  7.13.  It  corresponds  to  the  principal  modes  (-1, 1, 1),  (-1, 1,2)  and 
(1, 3, 1)  respectively. 


3  Results  and  discussion 

The  selection  of  principal  modes  by  the  aspect  ratio  is  illustrated  on  Figs.  2a-c, 
for  n  =  2.  Depending  on  the  length  of  the  cylinder,  three  different  principal 
modes  have  been  observed  for  the  same  Reynolds  number.  Their  wavelengths 
A  are  such  that  HfR  =  2A,  4A  and  3.5A  respectively.  These  wavelengths  are 
in  good  agreement  with  the  theoretical  predictions,  as  shown  in  table  1.  The 
principal  modes  associated  with  Figs.  2a  and  2b  are  steady.  This  is  in  agreement 
with  the  prediction  for  the  modes  (—1,1,2).  However,  the  mode  visualized  on 
Fig.  2c  is  time  periodic.  Its  frequency,  measured  by  image  analysis  (cj  =  2.00), 
agrees  with  the  prediction  for  mode  (1,3, 1)  (see  table  1). 

For  triangular  deformations  of  the  cylinder,  similar  experiments  have  been 
carried  out.  For  small  aspect  ratios,  two  different  modes  have  been  evidenced. 
Fig.  3  displays  visualisations  of  the  flow  for  H/R  =  3.4  and  3.8  and  Re  = 
1200.  Again,  the  measurements  of  wavelengths  and  frequencies,  given  in  table  1, 
compare  well  with  predictions. 

The  experimental  results  reported  in  this  paper  characterize,  for  the  first 
time,  oscillating  modes  in  the  elliptic  and  triangular  geometries,  as  predicted 
by  theoretical  stability  analysis.  These  results  extend  the  previous  observations 
restricted  to  steady  modes  in  the  elliptic  geometry  [6,  7].  For  Reynolds  num¬ 
bers  below  4000,  the  multipolar  instability  has  been  visualized  in  its  saturated 
regime.  Above  this  value,  the  vortex  breaks  up  and  the  flow  enters  a  cycle 
of  disordered  and  laminar  states.  More  details  on  mode  selection,  instability 
threshold,  nonlinear  behavior  and  secondary  instability  are  given  in  refs.  [8,  9]. 
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Figure  3:  Visualisations  of  the  flow  for  71  =  3,  Re  =  1200  and;  (a)  H/R,  =  3.4; 
(b)  3.8.  It  corresponds  to  the  principal  modes  (-1,2, 1)  and  (0, 3, 1)  respect! vel,y. 
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1  Introduction 

The  Spiral  wind-up  and  diffusive  decay  of  a  passive  scalar  in  circular  stream 
lines  is  considered.  The  shear-diffuse  mechanism  operates  to  destroy  scalar 
fluctuations  on  a  time  scale  of  order  times  the  turnover  time,  where  Pg  is 
a  Peclet  number.  The  mechanism  relies  on  differential  rotation,  that  is  a  non¬ 
zero  gradient  of  angular  velocity.  However  if  the  flow  is  smooth,  the  gradient 
of  angular  velocity  necessarily  vanishes  at  the  centre  of  the  stream  lines,  and 
the  time  scale  becomes  greater  there.  The  behaviour  at  the  centre  is  analysed 
and  it  is  found  that  scalar  at  the  origin  is  only  destroyed  by  the  shear-diffuse 
mechanism  on  a  longer  time  scale  of  order  Similar  results  are  obtained  for 
magnetic  field  and  for  weak  vorticity,  an  active  scalar. 

In  the  presence  of  shear  the  diffusion  of  passive  scalars  and  weak  magnetic 
fields,  both  governed  by  the  advection-diffusion  equation,  is  considerably  en¬ 
hanced.  The  principle  of  this  phenomenon  is  the  continuous  decrease  of  the 
characteristic  length-scale  of  the  advected  quantity  whose  growing  gradients 
cause  accelerated  diffusion.  Weak  vorticity  perturbations  are  also  subject  to 
this  mechanism  although  the  evolution  equation  has  an  extra  term  in  this  case. 
The  wind-up  of  the  vorticity  perturbations  has  an  important  effect  even  in  the 
diffusionless  (inviscid)  flow.  The  vorticity  perturbation  is  not  annihilated  but, 
due  to  the  wind-up,  the  corresponding  velocity  perturbation  in  the  far  field  of 
the  vortex  decays  rapidly  [3]. 

2  Passive  scalar  and  magnetic  fields 

Particularly  interesting  is  the  shear-diffusion  process  near  a  strong  coherent  vor¬ 
tex.  Then  the  scalar  isolines,  the  magnetic  field  lines  or  the  contour  levels  of 
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the  vorticity  perturbations  are  wound  up  into  increasingly  tight  double  spirals. 
The  spirals  are  double  because,  as  we  move  radially  outwards  from  the  centre  of 
the  vortex,  the  arms  have  alternating  sign  of  the  perturbation.  This  is  easiest 
to  visualise  for  the  wind-up  of  the  uniform  magnetic  field  where  the  field  has 
opposite  direction  in  the  neighbouring  arms  of  the  spiral  and  is  annihilated  by 
diffusion.  This  combination  of  the  spiral  wind-up  and  diffusion  is  known  as  flux 
expulsion  [7]  [1]. 

When  the  vortex  is  axially  symmetric  we  consider  Fourier  modes  which 
are  independent  of  each  other  due  to  the  linearity  of  the  problem.  We  can  easily 
write  the  solution  for  the  case  of  pure  advection  (vanishing  diffusivity)  and  then 
systematically  calculate  the  diffusive  corrections.  This  expansion  [6]  [7]  is  valid 
where  the  angular  velocity  of  the  flow  changes  with  radius,  i.e.  uj'(7-)  /  0.  The 
expansion  shows  that  the  fluctuations  decay  on  a  time-scale  where  to  is 

the  turnover  time  and  e  is  the  appropriate  non-dimensional  diffusivity,  e.g.  for 
the  passive  scalar  problem  e  -  Pe~^ ,  Pe  being  the  Peclet  number.  When  e  <  1 
this  is  considerably  faster  than  the  normal  diffusive  time-scale  e"4o. 

The  shear-diffuse  mechanism  relies  on  differential  rotation.  However,  if  the 
flow  having  stream  function  is  smooth,  the  gradient  of  angular  velocity 

a'{r)  necessarily  vanishes  at  the  vortex  centre  where  q:(7-)  =  typically 

has  a  parabolic  profile.  Taking  the  passive  scalar  concentration  in  the 

form 

S(r,S,t)  =  Sffe(cr(r,t)e''’"),  (1) 

we  obtain  from  the  non-dimensionalised  advection-diffusion  equation 

(9/cr  -f  ma'(7-)cr  =  eAa  (A  =  df.  -f  d,-  —  n^r~^).  (2) 

For  a  parabolic  profile. 


a'(7‘)  =  tto  + 

we  found  an  interesting  exact  solution  to  this  problem  in  the  form 


The  functions  f{t),  g{t)  then  satisfy  the  equations 

/'  =  nai  -  4ie/^,  g'  =  4ie(77  +  1)/, 
which  can  be  solved  as 

f{t)  =  (1  -  O^^^tanliT,  g{t)  =  (n  -h  l)logcoshT, 


(3) 

(4) 

(5) 

(6) 


with  T  =  {I  +  i)ts/2enai.  A  similar  solution  to  a  related  problem  involving  a 
plane  jet  is  discussed  by  Brunet  and  Haynes  [5]. 
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The  exact  solution  (4)  captures  two  regimes  with  different  time-scales.  For 
t  we  may  expand 

/  =  nait  -  (7) 

g  ~  2{n l){en^t  y  ienait^  +  2e^n^alt^ /3 O(e^t^).  (8) 

Then  we  obtain 

CT(r,i)  (t « (9) 

which  is  the  general  asymptotic  form  of  the  shear-diffuse  mechanism  [7]  [8].  The 
characteristic  time-scale  of  this  process  is  t  =  0(e~^/^)  compared  with  the  much 
slower  time-scale  t  =  0(e“^)  of  the  ordinary  diffusion  in  stationary  fluid. 

For  t  ^  we  have  different  expansion, 

f(t)  ~  (1  -  i)^/naj^e,  g{t)  ~  {n  +  1)((1  +  i)tv'2enai  -  log  2),  (10) 

which  leads  to  _ 

a(r,t)  ~  cror''V2e-<i+‘)’''V^'/®'e>’‘,  (11) 

where  p  =  -inao  -  (n  +  1)(1  -I-  iy/2enai  -  log  2).  This  represents  the  process 
near  the  vortex  centre  where  the  gradient  of  angular  velocity  vanishes.  The  time- 
scale  is  t  =  intermediate  between  the  shear-diffusion  and  ordinary 

diffusion.  This  is  the  time-scale  on  which  the  azimuthal  gradients  decay  and  the 
distribution  of  a  passive  scalar  near  the  vortex  centre  becomes  axisymmetric. 

The  same  analysis  can  be  repeated  for  the  weak  magnetic  field  perpendicular 
to  the  vortex.  The  magnetic  flux  function  plays  the  role  of  the  passive  scalar 
and  e  =  where  Rm  is  the  magnetic  Reynolds  number.  Then  t  = 

would  be  the  time-scale  on  which  the  initially  uniform  magnetic  field  survives 
near  the  centre  of  an  eddy. 

3  Vorticity 

We  now  consider  evolution  of  weak  background  vorticity  a;(r,  6^,/:)  under  the  in¬ 
fluence  of  a  strong  localised  axisymmetric  vortex  with  vorticity  Q{r)  =  —  A4/(7‘). 
The  weak  vorticity  is  an  active  scalar  satisfying  the  linearised  Navier-Stokes 
equation, 

d,uj  +  J{cj,^)  + J(Cl, ■,!>)=  a)  =  -V^iA  (e  =  Re-^),  (12) 

where  Re  is  the  Reynolds  number.  We  take  the  parabolic  angular  velocity  profile 
(3)  and  write  u  in  the  form  such  as  to  separate  the  uniform  rotation  Oq, 

w(r,  e,  t)  =  J),  ^  t).  (13) 

This  gives  coupled  equations  for  A"  and  Y, 

dfX  -k  inair^A  +  8i7rQ;iF  =  eAnAT, 


-A  =  A„y, 


(14) 
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with  An  =  +  {2n  + 

In  the  inviscid  case,  e  =  0,  the  solution  was  given  by  Bassom  and  Gilbert 

[3].  Quite  remarkably  an  exact  solution  can  also  be  found  for  arbitrary  Reynolds 
number.  It  is  expressed  in  terms  of  Kummer  functions.  The  evolution  of  the 
passive  scalar  outlined  in  the  previous  section  is  a  guide  to  the  asymptotic  anal¬ 
ysis  of  the  behaviour  of  vorticity  but  the  details  arc  too  long  for  this  brief  report. 
Similarly  to  the  passive  scalar  case  the  time-scale  for  the  axisymmetrisation  of 
vorticity  near  the  centre  of  an  eddy  is  longer  than  that  for  shear  diffusion  in  the 
region  of  finite  differential  rotation. 

The  parabolic  angular  velocity  profile  considered  here  is  a  local  approxima¬ 
tion  near  the  centre  of  an  axisymmetric  vortex.  More  realistic  modeling  of  the 
decay  of  the  azimuthal  gradients  must  take  into  account  vortices  deformed  by 
shear  or  strain  [4]  [2]  . 

This  work  was  supported  by  the  State  Committee  for  Scientific  Research 
(KBN)  grant  no  2  P03B  135  17  and  by  the  British/Polish  Joint  Research  Pro¬ 
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1  Introduction 

Tube-like  structures  of  concentrated  high  vorticity  have  commonly  been  observed 
in  various  classes  of  turbulent  flows,  and  a  relatively  large  portion  of  turbulence 
kinetic  energy  is  dissipated  by  tubular  structures.  Another  candidate  for  typical 
dissipative  structures  in  turbulence  is  double  spiral  layers  of  vorticity,  although 
spiral  structures  in  turbulence  have  been  less  understood.  There  are  two  possible 
generation  mechanisms  of  spiral  structures.  If  a  vortex  layer  winds  up  into  a 
row  of  vortex  tubes  through  the  Kelvin-Helmholtz  instability,  the  original  layer 
forms  double  spirals  around  the  tube  (see  Lundgren  [1]).  If  a  vortex  tube  exists 
in  a  weaker  background  vorticity  field,  the  tube  wraps  and  stretches  vorticity 
lines  around  itself  to  form  double  spiral  vortex  layers  (see  Moore  [2];  Kawahara  et 
al  [3]).  In  the  former  mechanism  the  vorticity  in  the  spirals  aligns  with  the  tube, 
while  in  the  latter  the  vorticity  component  perpendicular  to  the  tube  becomes 
dominant  because  of  vorticity  stretching  and  intensification.  Recently,  in  their 
direct  numerical  simulation  of  isotropic  turbulence,  Kida  et  al  [4]  have  found 
the  real  existence  of  double  spiral  vortex  layers  with  the  dominant  perpendicular 
compoment  of  vorticity,  i.e.  the  latter  case. 

In  this  paper,  we  investigate  analytically  the  energy  dissipation  in  spiral  vor¬ 
tex  layers  that  are  formed  through  wrap  and  stretch  of  vorticity  lines  of  a  uniform 
shear  flow  around  a  longitudinal  diffusing  straight  vortex  tube.  The  structures 
of  a  viscous  dissipation  rate  around  the  vortex  tube  and  their  contribution  to 
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total  dissipation  are  discussed.  The  effect  on  the  dissipation  of  a  small  tilt  of 
the  tube  from  the  streamwise  direction  is  also  discussed. 


2  Dissipation  in  tube  and  spiral  layers 

We  consider  a  straight  vortex  tube  of  circulation  T  in  a  uniform  shear  flow  Sij  ex 
(see  Figure  1),  where  S  (>  0)  is  a  shear  rate  which  is  constant  in  space  and  time. 
The  central  axis  of  the  tube  is  tilted  on  the  plane  y  =  0  at  a  small  angle  a  from 
the  a;-direction.  For  a  >  0  (or  <  0)  the  ^-component  of  the  tube  vorticit}^  has 
the  same  (or  opposite)  sign  as  the  uniform  shear  vorticity.  The  vortex  tube  of 
a  >  0  (or  <  0)  is  referred  to  as  a  cyclone  (or  anti-cyclone).  When  the  tube  starts 
with  a  vortex  filament  at  time  St  =  0,  it  diffuses  while  wrapping  and  stretching 
vorticity  lines  of  the  uniform  shear  flow  to  form  double  spiral  vortex  layers  with 
high  azimuthal  vorticity  of  alternating  sign  (Moore  [2];  Kawahara  et  al  [3];  see 
the  left  panel  in  Figure  2).  In  the  limit  of  <  1,  the  asymptotic  solution 
to  the  Navier-Stokes  equation  is  obtained  at  finite  as  well  as  large  Reynolds 
numbers  T/i/,  where  p  is  the  kinematic  viscosity  of  fluid. 


V 


Figure  1:  Flow  configuration.  The  thick  double  arrow  denotes  a  vortex  tube. 

Figure  2  shows  the  spatial  distributions  on  a  plane  perpendicular  to  the  vor¬ 
tex  tube  of  the  magnitude  of  perpendicular  vorticity  (the  left  panel)  and  energy 
dissipation  rate  per  unit  mass  (the  right  panel),  respectively.  It  can  be  seen 
that  the  dissipation  rate  is  composed  of  two  contributions  from  a  swirling  flow 
induced  by  the  vortex  tube  (the  circular  ring  region  near  the  center)  and  from  an 
axial  flow  induced  by  the  wrapped  vortex  layers  (the  two  spiral  regions  around 
the  ring).  The  leading-order  contribution  of  the  diffusing  vortex  tube  to  the  to¬ 
tal  energy  dissipation,  which  is  exactly  expressed  as  (T^/Stt)  decreases  with 
time  t.  On  the  other  hand,  the  leading  contribution  of  the  vortex  la3^ers,  which 
is  asymptotically  evaluated  to  be  3“^/^7rr(k)7y^5^  t  for  F/p  ^  1,  in¬ 

creases  with  t.  Thus,  there  may  exist  critical  time  tc  after  which  the  contribution 
of  the  layers  is  greater  than  that  of  the  tube. 

The  critical  time  is  shown  in  Figure  3  against  the  Reynolds  number.  At 
finite  Reynolds  numbers  the  critical  time  roughly  stays  around  Stc  =  2.  For 
r/p  ^  1,  the  critical  time  is  well  described  in  terms  of  the  large- Reynolds- 
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Figure  2:  Spatial  distributions  on  a  plane  perpendicular  to  the  vortex  tube 
of  the  magnitude  of  perpendicular  vorticity  (left)  and  energy  dissipation  rate 
(right)  at  the  critical  time  Stc  =  2.94  (see  Figure  3)  for  rj{27n/)  =  100  and 
o;  =  0.  The  vorticity  magnitude  and  the  dissipation  rate  are  scaled  by  S  and 
,  respectively.  The  bright  parts  represent  a  large  value.  The  contribution 
of  the  uniform  shear  flow  to  the  dissipation  rate  has  been  subtracted.  The 
solid  lines  denote  the  projection  of  a  vorticity  line  on  the  perpendicular- 
plane.  The  vortex  tube  rotates  counter-clockwise. 


Figure  3:  Reynolds  number  dependence  of  the  critical  time  after  which  the 
contribution  of  the  spiral  vortex  layers  to  the  total  dissipation  exceeds  that 
of  the  vortex  tube. 

number  asymptotics  Stc  =  0.623  (F'/27rr/)^/^.  In  turbulence,  wrapped  vortex 
layers  around  a  tubular  structure  are  conjectured  to  be  a  dominant  contributor 
to  the  energy  dissipation  instead  of  the  tube  itself  in  a  later  stage  of  their  time 
evolution. 

3  Effect  of  tube  tilt  on  dissipation 

Next,  we  discuss  the  effect  on  the  energy  dissipation  of  a  small  tilt  of  a  vortex 
tube  from  the  .x-direction.  Figure  4  shows  the  spatial  distribution  of  energy 
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dissipation  rate  for  a  cyclone  of  a  =  0.2  (the  left  panel)  and  for  an  anti-cyclone 
of  a  =  -0.2  (the  right  panel)  in  the  same  way  as  in  Figure  2  (cf.  the  right  panel 
for  a  =  0  in  Figure  2).  When  the  tube  is  tilted,  the  wrapped  double  spiral  vortex 
layers  are  sheared  in  diflFerent  ways  depending  on  the  sign  of  the  tilt  angle  a.  If 
a  >  0  (a  cyclone),  the  radial  thickness  of  the  outermost  strong  spirals  widens, 
so  that  the  azimuthal  vorticity  and  the  corresponding  viscous  dissipation  rate 
are  reduced.  If  a  <  0  (an  anti-cyclone),  on  the  other  hand,  the  thickness  of  the 
spirals  tightens,  which  leads  to  an  enhancement  of  the  azimuthal  vorticity  and 
the  dissipation  rate.  These  local  reduction  and  enhancement  can  affect  the  total 
energy  dissipation  at  a  higher  order.  The  primary  effect  of  the  tilt  of  the  tube 
on  the  total  dissipation  is  expressed  asymptotically  as  —jaiyS‘^r\n{r/27T}y)t~ 
at  large  Reynolds  numbers  F/iy  1 . 


Figure  4:  Same  as  Figure  2  but  for  spatial  distribution  of  dissipation  rate  in 
the  cases  of  a  cyclone  at  a  =  0.2  (left)  and  of  an  anti-cyclone  at  O'  =  —0.2 
(right). 
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1  Introduction 

Excitation  of  waves  in  the  hydrodynamic  medium  is  one  of  the  principal  prob¬ 
lems  in  fluid  mechanics.  The  theory  of  aerodynamic  sound  production  has  been 
introduced  in  the  classical  papers  by  Lighthill  [1].  Qualitatively  new  approach  to 
the  problem  has  been  developed  recently:  the  phenomenon  of  an  abrupt  emer¬ 
gence  of  acoustic  waves  from  vortices  in  flows  with  velocity  shear  has  been  found 
and  investigated  in  papers  [2,  3].  This  linear  mechanism  is  non-resonant  by 
nature  and  differs  in  principle  from  the  Lighthill’s  stochastic  mechanism. 

We  report  on  this  mode  conversion  phenomenon  and  present  the  numerical 
study  of  the  dynamics  of  initially  excited  vortex  mode  disturbances  in  shear 
flows.  Particularly,  evolution  of  individual  spatial  Fourier  harmonics  (SFH)  (Sec. 
2.1)  as  well  as  localized  package  of  vortex  disturbances  (Sec.  2.2)  is  described. 


2  Physical  approach  and  numerical  results 

We  study  the  phenomenon  in  2D  unbounded  compressible  inviscid  flow  with 
uniform  density  and  constant  shear  of  velocity:  Uq  =  \Jo{Ay,0).  Considered 
system  sustains  two  different  modes  of  disturbances  -  wave  mode  that  corre¬ 
sponds  to  the  acoustic  oscillations  and  vortex  mode  that  corresponds  to  the 
aperiodic  vortical  motions.  The  phenomenon  of  the  conversion  of  the  vortex 
to  the  acoustic  wave  mode  is  closely  related  to  the  non-normality  of  the  linear 
dynamics  of  disturbances  in  shear  flows  and  is  best  interpreted  in  the  framework 
of  the  nonmodal  approach  -  by  tracing  of  linear  dynamics  of  SFH  of  vortex 
disturbances  in  time.  Therefore,  we  present  numerical  calculations  of  the  lin¬ 
ear  dynamics  of  SFH  of  vortex  disturbances  together  with  the  exact  numerical 
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Figure  1:  The  evolution  of  the  velocity  14  (f),  Vy{t),  density  D{t)  and  total  energy 
of  disturbances  E{t)  j E{0)  are  shown  on  the  a,  d,  e,  and  f  graphs,  respectively. 
The  ixpeiiodie  (vortical)  vg\t)  and  oscillating  \4"'\t)  parts  of  the  14  are 
shown  on  b  and  c  graphs,  respectively.  Here  ky(0)/k:,:  =  8  and  B,  =  A/kj.Cs  -  0.4. 
Purely  vortex  mode'  SFH  (without  admixed  acoustic  wave  one)  is  taken  initially. 
Emergence  of  th(^  osc:illations  clearly  occurs  at  t*  =  t*  fk^Cs  =  20. 


solution  of  the  2D  compressible  hydrodynamic  equations  with  initial  values  of 
physical  quantities  composed  by  the  superposition  of  the  shear  flow  and  localized 
vortex  mode  disturbances. 

2.1  Dynamics  of  vortex  SFH 

In  the  nonmodal  approach,  the  effect  of  the  shearing  background  on  the  wave 
crests  of  linear  disturbances  is  described  by  the  temporal  variation  of  the  wave- 
numbers  (A:.,  =  const.,  ky{f)  =  ky{0)  -  k,,At)  of  the  SFH  defined  as  follows: 
'il)(x,y,t)  =  V4A:;,;,A;y(t),A)exp(7:A:,;.7; -f  where 

and  'Hk,,,ky{t),t)  =  {V,, ,Vy ,  D ,  P) .  We  show  the  results  of  the  numerical  cal¬ 
culations  that  demonstrate  the  vortex-wave  mode  conversion  phenomenon  on 
Fig.  1.  The  linear  dynamics  of  the  vortex  SFH,  involving  conversion  to  the 
wave  SFH  proceeds  as  follows  [2]:  Initially,  following  the  linear  drift  of  wave- 
numbers  the  vortex  SFH  gains  shear  flow  energy  and  is  amplified.  There¬ 
with,  disturbances  remain  aperiodic  till  ky{t)lk,,  >  0.  At  the  point  in  time 
t*/k,:Cs  =  20  when  ky(E)  =  0,  the  vortex  SFH  abruptly  gives  rise  to  the  corre¬ 
sponding  SFH  of  the  acoustic  wave.  Fig.  l.b,c  separately  show  the  vortex  ^ 
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Figure  2:  Evolution  of  the  shear  flow  density  is  shown  at  times  r  =  t/{kxCs)  = 
2,6,10,14,16,20,24,28  on  the  a,b,c,cl,e,f,g  and  h  graphs,  respectively.  The  X 
and  Y  axis  are  directed  horizontally  and  vertically,  respectively.  Initial  flow  is 
composed  by  the  constant  shear  flow  with  R  =  AJk^-eCs  =  0.5  and  the  package 
of  the  vortex  mode  disturbances  localized  in  the  k-space  in  point  kyc  —  2h,.c  = 
0.02  (without  acoustic  admixes).  Characteristic  scales  of  the  localization  of  the 
package  along  .Y  and  Y  axis  (in  the  r-space)  and  along  kx  axis  (in  the  k-  space) 
are  D,.  =  l/Dk  -  2/kxc-  The  package  is  prolonged  in  the  co-ordinate  space 
along  the  line  y  =  -{kxc/k,jc)^  (see  Fig.2a)  and  in  the  k-space  along  the  line 
ky  ~  {kyc/kxc)kx,  initially. 


and  acoustic  wave  V;-”  ^  components  of  the  14:  14  =  Ei'  ^  +  14' These 
graphs  clearly  demonstrate  the  abrupt  character  of  the  phenomenon.  Only 
the  aperiodic  vortex  mode  disturbance  is  occurred  initially:  /  0  and 

14!'^^|^</.*  =  0  (see  Fig.  l.a-c).  While  oscillations  of  the  acoustic  wave  SFH 
are  emerged  at  t  =  t*:  Vf'' E  0  Fig-  1-^)-  short,  it  turns  out 
that  the  vortex  mode  disturbances  are  able  to  excite  acoustic  waves  in  the  lin¬ 
ear  regime  due  to  the  mean  flow  velocity  shear.  This  phenomenon  strongly 
depends  on  the  value  of  effective  shear  parameter  R  =  Afk-xCg.  It  becomes 
noticeable  at  R=0.2  and  even  at  R=0.3  it  dominates  in  the  shear  flow  dy¬ 
namics.  At  low  parameters  of  velocity  shear,  amplitude  of  the  generated  wave 
SFH  is  largely  reduced  and  in  the  normalized  form  may  be  estimated  by  the 
following  approximate  equation:  Vx{t*)/ft  —  1/(1.27?,) exp(-l/1.2i?,),  where 
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Q,  =  ky{t)Va:{t)  “  kxVy{t)  -\-AD{t)  =  const,  is  the  conserved  vorticity  in  k-space. 

2.2  Dynamics  of  vortex  package 

Results  of  the  numerical  simulations  of  the  2D  compressible  shear  flow  with 
vortex  disturbances  are  presented  on  Fig.  2.  The  initial  conditions  are  composed 
from  the  superposition  of  the  constant  shear  flow  and  a  paclcage  of  the  vortex 
mode  disturbances  localized  in  both,  wave-number  as  well  as  in  the  co-ordinate 
spaces.  In  the  beginning  (r  <  10),  vortex  disturbances  gain  the  mean  flow 
energy  and  remain  aperiodic  in  time.  Wave  crests  are  turning  around  due  to 
the  effect  of  the  shearing  background.  Therewith,  the  package  remains  localized 
as  much  as  the  group  velocity  of  the  vortex  disturbances  is  zero.  Disturbance 
dynamics  is  qualitatively  different  after  the  r  >  10.  At  r  =  10,  the  central 
part  of  the  package  of  vortex  mode  disturbances,  which  drifts  horizontally  in 
the  k-space,  crosses  the  ky{r)  =  0  line  and  gives  rise  to  the  acoustic  wave  mode 
disturbances.  Disturbances  acquire  the  acoustic  wave  features  have  non-zero 
group  velocity  and  are  able  to  transport  the  energy.  As  a  result  the  wave  crests, 
in  addition  to  the  turning  around  a  fixed  point,  undergo  a  translational  motion. 
The  widening  of  the  wave-crest  becomes  apparent  at  longer  times  (see  Figs, 
l.e-h).  This  explicitly  demonstrates  the  acoustic  wave  generation  phenomenon. 
This  phenomenon  may  be  also  well  seen  from  the  package  velocity  field:  the 
initial  package  of  the  mainly  vortical  (nonpotential)  disturbances  acquire  the 
potential  (acoustic)  wave  one  features. 

The  phenomenon  of  the  vortex-wave  mode  conversion  is  essentially  linear  and 
its  occurance  is  not  restricted  by  a  threshold  value  of  the  shear  parameter.  This 
phenomenon  deals  with  fundamentals  of  the  wave  generation  theory,  should  be 
universally  realized  in  the  hydrodynamic  flows  with  high  shear  of  velocity  and 
should  make  acoustic  waves  a  natural  ingredient  of  the  turbulence  in  shear  flows. 

A.G.T.  would  like  to  acknowledge  the  financial  support  of  the  ”FWO  Vlaan- 
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INTAS  grant  GE97-0504. 
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1  Introduction 

As  known,  the  characteristics  of  a  turbulent  flow  are  determined  by  behavior  of 
the  coherent  organized  structures  representing  vortices  of  various  scales.  The 
large-scale  stationary  vortices  obtained  in  our  previous  studies  are  seen  as  con¬ 
venient  objects  for  studying  the  properties  of  coherent  structures.  It  was  shown 
that  such  vortices  possess  a  universal  property  of  helical  symmetry  whose  pa¬ 
rameters  can  be  used  as  characteristics  of  the  whole  swirl  flow  [1] .  The  present 
work  is  devoted  to  the  further  study  of  helical  vortices  with  a  concentrated  fleld 
of  vorticity  possessing  an  explicit  helical  symmetry. 


2  Experimental  technique  and  results 

The  experiments  were  conducted  in  a  vortex  chamber  with  a  controlled  design 
swirl  parameter.  Concentration  of  vorticity  is  achieved  by  orificing  of  the  cham¬ 
ber  outlet.  The  base  structure  with  a  rectilinear  vortex  axis  is  formed  by  an 
axisymmetric  diaphragm  and  horizontal  bottom  (Figure  la).  Introduction  of 
any  asymmetry  at  the  chamber  ends,  for  example,  a  shift  of  the  orifice  from 
the  chamber  center,  leads  to  formation  of  a  stationary  (immobile)  helical  vor¬ 
tex  (Figure  lb).  By  transition  from  the  plane  to  the  two-slope  bottom  at  the 
diaphragm  with  a  central  hole,  we  obtained  a  mode  with  two  entangled  spiral 
vortices  (Figure  Ic).  This  structure  differs  from  the  previous  one  by  its  helical 
symmetry  sign.  Vortices  in  the  double  helix  are  twisted  along  the  direction  of 
flow  rotation  (in  this  case  -  clockwise),  and  for  a  single  helix  -  counterclock¬ 
wise.  By  varying  the  degree  of  asymmetry  at  the  chamber  ends,  it  is  possible  to 
generate  vortices  with  different  parameters  of  helical  symmetry. 

One  of  the  methods  for  determination  of  helical  symmetry  parameters  is 
based  on  finding  the  shape  of  projection  of  the  vortex  axis,  which  can  be  made 
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visiblo  by  means  of  tiny  air  bubbles  collected  on  it.  Using  two  projections  from 
two  perpendicular  directions,  we  can  recover  the  spatial  shape  of  the  vortex  axis. 
Tli(^  flow  pattern  was  registered  by  a  video  camera,  then  the  video  fragments 
were  digitized  and  i)rocessed  by  a  PC.  The  image-processing  algorithm  consists 
of  the  following  steps: 

a)  Preliminary  image  processing  on  th(^  basis  of  well-known  techniques  [2]. 

b)  Image  vectorization  using  original  algorithm  [3]. 

c)  R,ef:ognition  of  the  air  filament,  created  by  tlu'  air  bul)bles,  concentrated  in 
the  vort(^x  cone  The  r(x;ognition  algorithm  uses  tlu^  sum  of  brightness  of  picture 
pixels  -  a.  filaiiK'nt  with  a  maximum  brightness  is  chosem. 

d)  D('-t(a’niination  of  the  i)itch  and  radius  of  th('  vortex  axis  with  the  standard 
interi)olation  algorithm. 

The  final  step  of  helical  vortex  image  processing,  the  build-up  of  the  ’’tree” 
and  finding  the  vortex  axis  shape,  are  shown  in  Figure  2a. 

In  Figuixi  3a  projections  of  the  vortex  helical  axis  on  the  orthogonal  vertical 
})lanes  as  wcdl  as  i)rojef:tion  on  the  l)ottoni  chamber  restored  from  the  vertical 
oiK^s  arc^  shown.  As  S(ien  from  the  bottom  view,  the  helical  character  of  vortex 
defined  l)y  tlu^  iipj^er  boundary  condition  is  Inoken  luxir  the  lower  chamber  end. 
TIk'  most  upper  part  of  the  vortex  structure  (points  5-14)  has  left-handed  sym- 
nic^try,  (the  vort(^x  axis  is  screwed  against  the  flow  rotation)  at  which  a  backward 
flow  exists  along  an  axis  of  the  channel.  The  lower  part  of  the  vortex  axis  (points 
1-5)  tends  to  transit  to  the  right-handed  structure  with  axis  screwing  in  a  direc¬ 
tion  of  flow  rotation.  The  right-handed  vortex  is  generated  at  the  upward  flow 
along  an  axis  of  the  channel.  Namely  such  condition  takes  place  at  vortex  inter¬ 
acting  with  tlie  surfaces  On  the  bottom  i)rojection,  the  point  5  corresponding 
to  the  junction  of  these  two  structures  is  clearly  seen.  In  our  previous  experi¬ 
ments  it  was  possibles  to  generate  the  combined  vortex  [1],  in  which  the;  lower 
right-handed  part  was  amplified  by  declination  of  tlu^  bottom,  and  the  upper 
left-handed  i)art  was  also  organized  by  displacement  of  an  output  orifice.  In 
Figure  3b  three  projections  of  such  structure,  formed  in  a  shorter  chamber,  are 
present('d.  The  horizontal  plane  passing  through  the  point  S  divides  symmetrical 
parts  of  the  vortex  structure. 

Figure  2b  represents  the  dependencies  of  helical  vortex  pitch  h,  (the  spatial 
period)  and  its  radius  R  (distance  from  the  helical  axis  to  the  chamber  axis) 
for  the  left-handed  structures  as  a  functions  of  the  shift  of  diaphragm  center  5. 
The  data  demonstrate  that  the  helix  pitch  is  almost  independent  on  a  degree  of 
chambeu-  asymmetry.  The  dependence  for  the  radius  takes  a  step-like  character, 
indicating  a  junq)  transition  from  a  weakly  curved  vortex  to  the  helix  with  a 
larg(^  radius.  Such  an  effect  occurs  in  a  phenomenon  called  the  breakdown  of  a 
vortex,  when  thc^  axisymmetric  vortex  suddenly  transfers  into  a  spiral  vortex. 

The  influence  of  the  lower  boundary  conditions  has  different  characters.  For 
example,  th(^  variation  in  the  bottom  declination  gives  not  only  a  change  in 
amplitude  of  vortex  axis  perturbation  with  the  right-handed  symmetr.y,  but  also 
a  change'  in  space  pitch.  So,  at  a  slope  angle  of  Irottom  planes  relative  to  horizon 
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/?  =  34°,  we  observed  a  vortex  with  R  =  16  mm,  h  =  169  mm  (Figure  Ic).  The 
increase  of  angle  up  to  value  ^  =  50°  results  in  formation  of  a  double  helix  with 
parameters  i?  =  32  mm  and  h  =  239  mm. 


Figure  1:  Stationary  vortex  structures  with  the  helical  symmetry:  a  -  axisym- 
metrical  vortex,  b  -  single  helix,  c  -  double  helix. 


Figure  2:  Results  of  the  image  processing  for  a  single  helix  structure:  a  -  final 
step  of  the  obtaining  of  the  vortex  axis  projection;  b  -  geometrical  characteristics 
of  the  helical  vortex  vs.  distance  between  the  centers  of  the  outlet  orifice  and 
the  vortex  chamber. 
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Figure  3:  3-D  form  of  the  stationary  helical  structures:  a  -  left-handed  vortex, 
b  -  combined  vortex  with  various  signs  of  helical  symmetry. 


3  Conclusions 

Thus,  in  the  given  work  the  new  large-scale  coherent  structures  with  helical 
symmetry,  generated  in  swirling  flows,  has  been  experimentally  studied.  The 
quantitative  data  on  the  influence  of  boundary  conditions,  responsible  foi  the 
formation  of  these  vortices,  on  parameters  of  a  helical  symmetry  are  obtained. 
The  essentially  difterent  influence  of  introduced  asymmetry  degree  for  the  right 
and  left  helical  structures  is  discovered.  The  jump  like  change  of  perturbation 
amplitude  in  the  form  of  left-handed  vortex  is  revealed  at  an  increase  of  asym¬ 
metry  degree  on  the  upper  boundary. 
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1  Introduction 

We  propose  a  new  turbulence  model,  called  Coherent  Vortex  Simulation  (CVS) 
[1,  3],  for  computing  fully  developed  turbulent  flows.  This  new  approach  for  CFD 
is  based  on  the  observation  that  turbulent  flows  contain  both  an  organized  part 
(the  coherent  vortices)  and  a  random  part  (the  incoherent  background  flow).  In 
classically  used  LES  methods  the  Navier-Stokes  equations  are  low-pass  filtered 
and  only  the  evolution  of  the  large  scales  of  the  flow  is  deterministically  com¬ 
puted,  while  the  effect  of  the  small  scales  onto  the  large  scales  is  statistically 
modelled  [4].  Hence,  the  intermittent  behaviour  of  the  flow  is  only  partially 
taken  into  account  due  to  the  lack  of  small  scales.  The  CVS  method  is  based  on 
the  computation  of  the  coherent  part  of  the  vorticity  (characterized  by  a  non- 
Gaussian  multiscale  behaviour  with  long-range  correlation  and  responsible  for 
the  flow  intermittency),  while  the  influence  of  the  incoherent  background  flow 
is  statistically  modelled  (characterized  by  Gaussian  statistics  with  short-range 
correlation  and  likewise  multiscale  although  it  is  non-intermittent). 


2  Coherent  Vortex  Simulation 

We  filter  the  2d  Navier-Stokes  equations  in  vorticity-velocity  formulation  using 
the  nonlinear  wavelet  filter  proposed  in  [1]  and  obtain  an  evolution  equation  for 
the  coherent  vorticity  ujc'- 

dfUJc  +  V  ■  {ujc  Vc)  -  pV^ujc  =  V  X  Fc  -  V  '  t  (1) 

V-Vc  =  0  , 
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including  an  unknown  term,  r  =  (cj  V)c  -  Vc,  to  be  modelled.  This  in¬ 
coherent  stress  term  describes  the  effect  of  the  discarded  incoherent  terms  onto 
the  resolved  coherent  terms.  Its  role  is  to  compensate  the  loss  of  enstrophy  of 
the  wavelet  filtering.  This  is  done  using  a  forcing  term  defined  in  wavelet  space, 
as  proposed  in  [5],  which  is  conditionally  applied  in  the  region  of  strong  non¬ 
linear  activity.  In  contrast  to  LES,  where  the  underlying  computational  grid  is 
static,  the  CVS  method  employs  regridding  which  dynamically  adjusts  to  the 
flow  evolution  by  refining  in  regions  of  strong  gradients  (cf.  Fig.  2). 


3  Two-dimensional  mixing  layer 


As  example  we  compute  a  temporally  growing  two-dimensional  mixing  layer 
using  the  CVS  method  (cf.  Fig.  1).  To  validate  the  approach  we  compare 
the  results  with  DNS  data  obtained  using  a  classical  pseudo-spectral  method. 
We  observe  that  with  CVS  all  scales  of  the  flow  are  well  resolved  (cf.  Fig.  3), 
although  it  uses  14  times  less  degrees  of  freedom  than  the  pseudo-spectral  DNS 
with  resolution  256^  (cf.  Fig.  4).  The  compression  thus  obtained  using  CVS 
increases  with  the  resolution,  because  more  scales  are  available  in  the  flow  better 
the  efficiency  of  the  wavelet  compression. 


L... 


Figure  1:  CVS  computation  of  a  two- 
dimensional  mixing  layer.  Isolines  of 
vorticity  at  (0.1, 0.4, 0.7, 1.0, 1.3, 1.6). 


Figure  2:  Adaptive  grid  in  physical 
space.  Note  that  the  grid  dynamically 
adapts  to  the  flow  evolution  in  scale  and 
space. 
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Figures:  Comparison  of  corresponding  Figure  4:  Time  evolution  of  the  number 
energy  spectra  between  CVS  and  DNS  of  grid  points.  Note  that  at  t  =  37.5 
computations.  only  4700  grid  points  are  used  in  CVS 

method,  while  DNS  uses  65538. 

4  Conclusion 

We  have  proposed  the  CVS  method  to  compute  fully-developed  turbulent  flows 
in  the  regime  where  coherent  vortices  have  been  formed.  This  new  approach 
combines  a  deterministic  integration  of  the  coherent  part  of  the  flow,  done  in 
an  adaptive  wavelet  basis,  with  a  wavelet  forcing,  which  statistically  models  the 
effect  of  the  discarded  incoherent  background  flow  onto  the  coherent  part.  The 
adaptive  wavelet  integration  is  based  on  an  Eulerian  projection  of  the  vorticity 
fleld  and  a  Lagrangian  strategy  in  order  to  adapt  the  basis  at  each  time  step  in 
order  to  resolve  the  regions  of  strong  gradients.  Contrarily  to  classical  methods, 
such  as  LES,  the  role  of  the  turbulence  model  is  not  to  damp  the  nonlinear 
instabilities,  but  to  model  the  stochastic  forcing  that  the  incoherent  background 
flow  induces  onto  the  coherent  vortex  motions.  Therefore  in  absence  of  turbulent 
model  the  CVS  method  looses  a  small  quantity  (less  than  2%)  of  the  total 
enstrophy,  while  other  methods  tend  to  diverge  as  soon  as  the  Reynolds  number 
is  large.  Recently,  we  have  shown  [2]  that  the  wavelet  representation  also  allows 
to  extract  coherent  vortices  (in  this  case  vortex  tubes)  in  three  dimensional 
turbulence.  This  motivates  the  extension  of  the  CVS  method  to  compute  3D 
turbulent  flows. 
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The  anomalous  scaling  behavior  of  strong  turbulence  is  now  well  established, 
both  in  experiments  and  in  numerical  simulations.  It  is  a  property  of  the  two- 
point  structure  function  ([(u(ai-l-r)  —  tt(£c))  whose  inertial  range  behavior 

is  ~  In  the  definition  of  the  velocity  increment  the  measured  component 
of  the  velocity  u  •  s  and  the  separation  vector  may  not  point  in  the  same  di¬ 
rection.  The  exponents  are  anomalous  as  they  deviate  from  Kolmogorov’s  self¬ 
similar  Cp  =  p/3.  Because  only  information  in  two  points  of  the  velocity  field 
is  involved,  these  quantities  reveal  little  information  about  the  structures  which 
cause  intermittency. 

More  about  structure  can  be  learned  from  multipoint  measurements.  Our 
instrumentation  consists  of  an  array  of  10  hot-wire  probes,  each  with  a  size  of 
200  /im,  small  enough  to  resolve  the  Kolmogorov  scale.  The  array  is  oriented 
perpendicular  to  the  mean  flow  direction.  Thus  we  are  measuring  the  velocity 
field  u{y)  along  a  line.  Strong  turbulence  with  rather  high  Reynolds  number 
{Rx  ~  800)  is  generated  by  a  grid  (0.7  x  0.8  m,  0.1  m  mesh  size)  in  a  recirculating 
wind  tunnel.  Long  (10^  samples)  time  series  of  velocity  readings  along  a  line 
were  registered. 

These  time  series  contain  extremely  strong  localized  events.  An  average 
over  the  200  strongest  events  (probability  2  x  10~^)  is  shown  in  figure  1.  The 
average  was  measured  over  velocity  profiles  which  had  a  large  transverse  velocity 
increment  over  two  closely-spaced  probes. 

A  striking  observation  is  that  over  a  mere  separation  of  3.7  mm,  the  maximum 
average  velocity  increment  is  4.3  m  s”^  which  is  four  times  the  size  of  the  rms 
velocity  fluctuations  and  can  be  compared  to  the  mean  velocity  [7-12.1  ms~L 
The  avererage  velocity  profile  bears  a  remarkable  resemblance  to  that  of  a  slender 
vortex  tube  with  a  core  diameter  smaller  than  the  separation  y/j]  =  18  of  the 
closest  probes.  In  the  figure,  the  signature  y/{x^  +  y'^)  [3]  of  an  irrotational 
vortex  with  its  axis  pointing  in  the  vertical  (z)  direction  can  be  recognized.  We 
believe  that  the  structure  which  is  seen  is  the  ensemble  average  over  vortices 
that  intersect  our  line-measurement  with  random  orientations.  Intense  slender 
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Figure  1:  Average  velocity  profile  of  the  200  largest  events  in  a  times  series  of 
10^  velocity  samples.  It  is  conditioned  on  transverse  An  ~  u{x,y4)  —  u{x,yi) 
with  y4  —  ys  —  3.7  mm  =  18'//  and  with  .7;  shifted  to  x  =  0.  The  coordinates 
used  are  such  that  the  mean  flow  is  in  the  .7; -direction  with  the  probes  in  the 
/y— direction.  The  probes  are  at  yi  . .  ./ya- 


vortex  tubes  have  also  been  found  in  numerical  simulations  [1]  and  have  been 
visualized  in  experiments  [2]. 

We  have  devised  statistical  tests  to  verify  that  our  conditional  averages  are 
genuine.  The  problem  is  that  conditional  averages  such  as  shown  in  Fig.  1  may 
b(^  determined  by  the  imposed  condition,  and  not  by  an  indigenous  property  of 
turbulence.  A  test  is  to  perform  the  same  conditional  average  on  pseudo  turbu¬ 
lence,  that  is  a  random  velocity  signal  which  has  the  same  (low-order)  statistical 
properties  as  turbulence.  Such  pseudo  turbulence  was  constructed  by  Fourier 
transforming  a  measured  turbulence  signal,  randomizing  the  phases  (such  that 
the  Fourier  transform  remains  real),  and  performing  the  inverse  Fourier  trans¬ 
form.  The  resulting  velocity  field  has  the  same  second-order  structure  function 
and  the  same  turbulence  characteristics  as  the  original  turbulence  signal,  but  it 
is  not  turbulence. 

For  the  transverse  case  this  procedure  gave  a  similar  average  structure  as 
shown  in  Fig.  1,  but  with  a  size  that  was  a  factor  2  smaller.  The  quest  for 
strong  events  in  the  longitudinal  case  where  the  vectors  e  and  u  both  point  in 
the  streamwise  direction,  produced  the  same  average  structure,  both  in  the  true 
and  in  the  pseudo-turbulent  signal.  We  conclude  that  the  events  conditioned  on 
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Figure  2:  Open  circles:  scaling  exponents  Cp/7;  of  longitudinal  and  transverse 
structure  functions.  Closed  dots:  scaling  exponents  of  the  transverse  structure 
function,  but  now  with  the  strongest  events  removed  from  the  data.  The  scaling 
anomaly  now  tends  to  the  longitudinal  case.  The  dash-dotted  horizontal  line  is 
Kolmogorov’s  1941  self-similar  prediction,  the  dashed  line  is  the  prediction  of 
the  log-Poisson  model  [5]. 


the  transverse  velocity  increment  are  genuine,  whereas  those  in  the  longitudinal 
case  are  probably  artefacts  of  the  imposed  condition. 

A  key  question  is  whether  scaling  anomaly  is  reduced  when  the  strong  events 
of  the  figure  are  removed  from  the  data  before  the  standard  two-point  structure 
functions  are  computed.  Figure  2  shows  the  scaling  exponents  (p  of  a  grid¬ 
generated  turbulent  flow.  They  are  plotted  in  a  way  that  most  vividly  demon¬ 
strates  the  scaling  anomaly.  The  self-similar  Kolmogorov  1941  case  corresponds 
to  the  horizontal  line  Cp/P  ~  The  transverse  exponents  are  more  anoma¬ 
lous  than  the  longitudinal  ones,  in  agreement  with  our  earlier  findings  [4].  After 
deletion  of  the  1000  strongest  transverse  events,  a  significant  reduction  of  the 
scaling  anomaly  of  the  transverse  exponents  is  seen.  This  number  of  events 
corresponds  to  a  probability  of  10“''^  (0.3  %  of  the  data,  including  the  event’s 
environment) . 

This  result  is  remarkable  because  we  remove  events  that  are  strong  in  the 
dissipative  range  (r/i]  <  20),  whereas  scaling  exponents  pertain  to  the  incj- 
tial  range  {r/g  >  30)  behavior  of  structure  functions.  Thus  we  have  identified 
structures  that  cause  intermittency. 
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Multiplicative  cascades  provide  a  general  framework  to  describe  intermit- 
tency  properties  of  turbulent  fluctuations  [1-3].  The  locally  (spatially)  averaged 
energy  dissipation  rate  Sr  is  a  fluctuating  cj[uantity  of  special  interest.  The  is¬ 
sue  consists  in  relating  fluctuations  of  at  different  scales  vi  and  7*2  <  •  A 

common  approach  is  based  on  the  introduction  of  a  random  multiplier 
connecting  events  and  €,-,{^2)  at,  location  .xq  and  .xq: 

£j.2(.X2)  —  (1) 


The  statistics  of  the  multiplier  147,,^  (or  log  147,. j  )  characterize  the  cascade 
properties  of  e,..  In  the  present  study,  we  concentrate  on  the  (arbitrary)  case 
of  centered  events,  i.e.  .xi  =  .xq  =  .x  in  eq.(l).  We  describe  the  statistics  of 
logT4L.j_,.2  within  the  framework  of  a  new  para.metric  model. 

We  analyse  hot-wire  velocity  measurements  in  a  turbulent  jet  {R\  ~  600) 
[4].  The  integral  scale,  estimated  as  the  velocity  correlation  length,  is  L  ~  2000?/ 
where  rj  ~  120/im  denotes  the  Kolmogorov  scale.  Data  have  been  resampled 
by  use  of  a  local  Taylor’s  hypothesis.  The  one-dimensional  surrogate  of  energy 
dissipation  is  used.  The  multiplier  is  defined  by 


0  <  T4^r„r, 


gr,(-^')  n 

^ri(.'c)  “  7-2 


/‘^■+r/2 

with  e,.(.x)  =  -  /  £(x')dx' . 

7*  Jx-r/2 


(2) 


For  any  pair  of  scales  (7-1, 7-2),  satisfying  i]  <  r-2  <  vi  <  L,  we  propose  to 
describe  the  statistics  of  log  14^,1  ,.,.2  by  considering  14^  =  where 


log  14^, -i,,-.  -logQn,ro  ^  Q 
log^ri,r2 


(3) 


has  a  probability  density  function  (pdf)  of  the  form 


pdf (7a)  oc 


\w 

,1-2 

r((„  +  i)' 


(4) 
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This  pdf  may  be  viewed  as  a  continuous  generalization  of  the  standard  Poisson 
la.w  of  parameter  A  used  in  [5].  Our  choice  is  arbitrary  but  suitably  captures  the 
main  features  of  the  experimental  pdfs  (displayed  in  Fig.  la):  the  Poisson  distri¬ 
bution  of  parameter  A  accounts  for  the  dissymmetry,  the  large-amplitude  cut-off 
of  the  pdf  is  given  by  log  a  and  /?  is  an  amplification  factor.  The  parameters  are 
estimated  as  follows 


logo  = 

max  (log  Wr,  ,r2  ) 

=  log(max  TF,.j  ,,-2 ) 

(5) 

- 

f  log  W  -  log  0  >  1 

exp  - -  > 

[  (log IF  -  logo:)  J 

1  (‘og(maxH-))  j 

(6) 

A  = 

(log  W  -  log  0) 

(7) 

log^ 

«  >og(„m'xiy)  » 

where  (.)  and  <  .  >  denote  respectively  the  estimated  mean  and  variance. 
This  procedure  has  been  applied  for  500?;  <  <  6000??  and  ??  <  7‘2  <  The 

agreement  between  the  experimental  pdfs  and  the  model  is  ver}^  satisfactory  (see 
Fig.  la).  Some  discrepancies  are  observed  only  as  7-2  approaches  the  limiting 


scales  Tj  and  j’j. 
Fig.  Ib-d): 

Furthermore,  0,  /?  and  A  display  remarkably  simple  laws 

(see 

log  o,.j 

for  all  r-ilri, 

(8) 

firur 

„  ~  0.12  log  —  +  0.92, 

>'1 

for  all  7-2  /?•] , 

(9) 

A/|  ,r 

2  ~  -2  log  —  -t-  5.4 

for  IO7?  <  7-2  <7-1/3. 

(10) 

ri 


These  results  clearly  show  that  log7’2/7’i  appears  as  the  relevant  quantity  to 
describe  the  scale  dependence  of  logo,  /9  and  A.  This  is  not  a  trivial  effect 
since  the  estimation  procedure  uses  no  a  priori  assumption  on  the  functional 
dependencies  of  the  parameters  with  7-1  and  7-2 .  We  have  noticed  that  these  laws 
are  valid  in  a  wider  range  of  scales  7-2  than  that  where  the  agreement  between 
experimental  and  theoretical  pdfs  was  observed. 

We  now  intend  to  compare  these  experimental  observations  with  the  predic¬ 
tions  of  the  Log-Poisson  /  She-Leveque  model  (LP/SL)  [5,6],  which  has  recently 
received  much  interest.  In  this  model,  the  variables  log  TT,.^  ^.,.2  are  independent 
and  satisfy  eq.(3)  where  lu  is  a  (discrete)  Poisson  variable  of  parameter  A^^. 
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Figure  1:  (a):  Experimental  pdf  is  well  described  by  (3)  and  (4)  (solid  line). 
Note  that  the  Log-Normal  pdf  (dashed  line)  is  ruled  out.  (b-d):  Evolution 
of  the  parameters  with  scale  r2.  Solid  line  indicates  a  characteristic  behavior. 


Remark  that  lim^^^ri  ctn,/- 
=1. 

j  =  1  and  lim,.^.,.;.,  -  1  ; 

;  this  is  consistent  with 

Moreover,  and  A 

satisfy  for  all  v-i  jvi 

1  IP  2  7’2 

logo:  =--log— , 

3  7'1 

(11) 

^  3’ 

(12) 

A^^  =-2  1og^, 

ri 

(13) 

where  the  values  of  the  constants  are  derived  from  physical  arguments  in  [6]. 
The  SP/SL  process  is  multiplicative  and  log-infinitely  divisible  (see  [5-7]).  It 
yields  power-law  scaling  for  the  moments  of  W-,-^  ,r2  ^ 

logE  [W’ ,,.J  =  (/loga^^  -  (l  -  '  ■«'('/)- 


(14) 
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with  H{q)  =  -2/^q  +  2(1  -  (2/3)^0*  The  key  feature  of  eq.(14)  lies  in  the 
separation  of  the  log7'2/ri  and  q  dependencies. 

The  agreement  between  this  model  and  our  estimations  is  excellent  for  log  a 
and  A.  Our  experimental  results  support  both  the  log7-2/7“i  dependence  and  the 
numerical  values  of  the  constants.  For  ^  a  significant  discrepancy  is  observed. 
Our  results  show  a  clear  log7‘2/7'i  behaviour  while  the  LP/SL  model  involves 
a  constant  value  =  2/3.  We  observe  that  0.5  <  /?  <  1  but  the  specific 
value  2/3  cannot  be  singled  out.  The  (7’i ,  7’2)-dependence  of  /?  is  not  consistent 
with  the  separation  of  the  variables  log7-2/7-i  and  q  in  log  IE  Therefore, 

it  excludes  the  possibility  of  a  log-infinitely  divisible  cascade  and  a  fortiori  the 
power-law  scaling  hypothesis  [7,8]. 

We  experimentally  observe  that  the  statistics  of  the  multipliers  Wri,r2 
the  energy  dissipation  e,.  are  suitably  described  by  a  continuous  generalisation 
of  the  usual  Log-Poisson  model.  The  estimated  parameters  exhibit  very  simple 
behaviours  as  affine  functions  of  log  7-2  /ri .  This  supports  one  of  the  main  as¬ 
sumptions  of  the  LP/SL  model,  i.e.,  that  log(max .rs)  behaves  as  logr2/7-i. 
Importantly,  it  also  implies  that  log-infinite  divisibility  with  independent  multi¬ 
pliers,  usually  involved  in  the  modeling  of  the  energy  dissipation  cascade,  should 
be  dropped  out. 
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1  Introduction 

A  fundamental  issue  in  the  investigation  of  isotropic  turbulence  is  the  statistics 
of  velocity  increments  n,.(.x-)  =  ?>Du{x  +  r)  ~  u(.t)  on  different  length  scales  r. 
Usually,  the  scaling  behaviour  of  the  n-th  order  moments  <  ('a,.(.7;))'^  >  are  in¬ 
vestigated,  which  leads  to  the  definition  of  multiaffine  scaling  indices.  On  the 
other  hand,  probability  density  functions  -P,.(u;.)  are  considered.  The  proba¬ 
bility  density  function  Pr{vr)  stronlgy  changes  its  shape  from  a  near  gaussian 
behaviour  at  large  scales  to  a  strechted  exponential  behaviour  at  small  r,  as 
can  be  seen  from  Fig.  1.  This  effect,  which  is  related  to  multiaffine  scaling 
behaviour  of  the  moments,  is  called  intermitten cy. 


2  New  Formulation 

In  the  present  article  we  present  a  new  method  to  analyze  the  intermittent 
signature  of  the  statistics  of  turbulent  fields  in  more  detail.  Analyzing  experi¬ 
mental  data  of  a  free  jet-flow  and  of  a  wake-flow  for  dift’erent  Re- numbers,  we 
have  verified  that  the  scale  dependence  of  the  statistics  of  the  increment  u.,.  can 
be  understood  as  a  Markovian  process.  This  stochastic  process  evolves  in  the 
scale  varable  r.  As  long  as  the  step  size  in  r  is  larger  than  a  certain  value:  L,^iar 
[1],  multiple  conditioned  probability  distributions  p(ui, 7'i|u2, 7-2; co¬ 
incide  with  the  conditional  probability  distribution  p(ui,7'i|u2,7-2),  which  is  a 
necessary  condition  for  Markovian  behaviour. 

The  length  L,nar  is  of  the  order  of  the  Taylor  microscale.  It  can  be  seen  in 
analogy  with  the  finite  collision  time  of  molecules  in  the  case  of  Brownian  diffu¬ 
sion  processes,  c.f.  [2].  We  interpret  the  existence  of  the  Markovian  properties 
as  a  direct  verification  of  a  turbulent  cascade  connecting  large  scale  properties 
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(in  Vr)  with  small  scale  features  via  an  iteration  of  an  elementary  process.  L.,nnr 
marks  a  finite  step  size.  It  is  important  to  note  that  L,iiar  turns  out  to  be 
independent  of  the  scale  r. 

For  step  sizes  larger  than  Lmar,  flic  IMarkovian  ])rocess  leads  to  an  equation 
characterizing  the  evolution  of  the  prol:)ability  density  functions  with  r, 

which  is  called  the  Kramers-Moyal  expansion.  Furthermore  we  have  found  [3,  4] 
that  it  can  even  be  reduced  to  a  Fokker-Planck  equation 

-^PrM  =3-0  I  +  ^,D2(vr,r)  |  PrM- 

The  coefficient  D\  is  called  the  drift  term  and  determines  the  deterministic  part 
of  the  process,  Di,  the  diffusion  term,  describes  th(^  noisy  part.  The  reduction 
to  the  Fokker-Planck  equation  means  that  the  noise  term  actually  is  a  white 
noise  process.  Central  quantities  in  our  analysis  are  conditional  probability  dis¬ 
tributions  P(n,..,,7-2|c,.,,7-i),  where  V2  <  vj .  They  can  be  determined  accurately 
for  different  scales  Vj,  from  our  experimental  data.  The  velocity  increments  are 
evaluated  at  the  same  reference  point  x  for  different  /-/values.  Knowing  the  con¬ 
ditional  probabilities  the  drift  and  diffusion  coefficient  are  estimated  by  taking 
the  limit  7'2  7-j ,  which  means  L,),ar  — ^  0-  To  verify  the  accuracy  of  our  result 

we  recalculate  the  sequence  of  probability  distributions  P,  (u,.)  throughout  the 
inertial  range  (see  Fig.l),  as  well  as,  conditional  i)robability  distributions  by 
solving  the  obtained  Fokker-Planck  equation.  Excellent  agreements  is  found. 

We  remind  the  reader  that  duo  to  the  Markovian  property  the  Fokker-Planck 
equation  provides  the  complete  information  on  the  statistics.  As  a  consequence, 
n-point  increment  probability  distributions  can  be  predicted,  too  [3].  A  similar 
analysis  has  been  performed  for  the  energy  cascade  [6]  using  the  dissipation  rate 
e{r). 

Finally,  we  want  to  mention  that  our  approach  is  not  restricted  to  the  case  of 
isotropic  turbulence.  There  is  ample  evidence  that  it  works  for  inhomogeneous 
turbulence  [5]  as  well.  For  velocity  data  of  a  turbulent  wake  behind  a  cylinder  we 
found  interesting  effects  in  the  behaviour  of  the  drift  term  Di  of  the  stochastic 
process  containing  signatures  of  large  scale  counterrotating  vortices  close  to  the 
cylinder.  Increasing  the  distance  to  the  cylinder  a  structural  change  in  the 
deterministic  part  Di  of  the  stochastic  process  shows  up  indicating  a  change  of 
the  imdcrliing  statistical  properties  due  to  the  dissapearance  of  vortices. 


3  Conclusions 

We  have  presented  a  novel  method  for  analysing  the  statistics  of  small  scale 
turbulence.  This  method  is  based  on  the  identification  of  stochastic  processes 
generating  the  fluctuations  of  the  turbulent  velocity  increments  as  a  function 
of  scale  r.  Mathematically,  the  stochastic  process  is  formulated  in  terms  of  a 
Fokker-Planck  equation.  On  the  other  hand,  one  can  formulate  the  correspond¬ 
ing  Langevin  equation,  which  can  be  taken  as  starting  point  for  the  development 
of  successful  subgrid  models. 
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Figure  1:  Probability  density  functions  P(v,L)  determined  from  the  exper¬ 
imental  data  of  the  free  jet  (bold  symbols)  and  calculated  pdfs  (lines)  by  the 
numerical  iteration  with  the  experimentally  determined  Fokker-Planck  equation 
(1)  .  The  length  scales  r  =  SDLq,  O.GLq,  0.35Lo,  0.2Z;o  and  0.1  Lq  going  from 
up  to  down.  For  the  numerical  iteration  as  initial  condition,  an  empirical  fitting 
function  for  the  large  scale  pdf  was  used  which  is  shown  by  a  broken  line.  For 
clarity  of  presentation  the  pdfs  were  shifted  in  y-direction. 
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1  Introduction 

In  isotropic  turbulence,  the  most  studied  statistical  indicators  of  intermittency 
are  the  structure  functions,  i.e.  moments  of  the  velocity  increments  Sp{r)  =< 
-f  r)  -u(t)]^^>.  For  time  increment  corresponding  to  the  inertial  range, 
Tf/  <C  r  To,  structure  functions  develop  an  anomalous  scaling  behavior: 
5p(t)  ~  where  ({p)  is  a  non  linear  function,  while  far  inside  the  dissi¬ 

pative  range,  r  they  show  the  laminar  scaling;  5p(r)  ~  r^. 

Beside  the  huge  amount  of  theoretical,  experimental  and  numerical  studies  de¬ 
voted  to  the  understanding  of  velocity  fluctuations  in  the  inertial  range  (see  [1] 
for  a  recent  overview),  only  few  -mainly  theoretical-  attempts  have  focused  on 
the  Intermediate  Dissipation  Range  (IDR),  introduced  in  [2]  (see  also  [3,  4]).  By 
IDR  we  mean  the  range  of  scales,  r  ~  r^,  between  the  inertial  and  the  dissipative 
range.  A  non-trivial  IDR  is  connected  to  the  presence  of  intermittent  fluctua¬ 
tions  in  the  inertial  range,  for  details  on  the  derivation  within  the  multifractal 
model  see  [2,  1,  5]. 

Here  we  propose,  and  measure  in  experimental  and  synthetic  data,  a  set  of 
observable  which  are  able  to  highlight  the  IDR  properties  [5].  The  main  idea 
is  to  take  a  one-dimensional  string  of  turbulent  data,  v(t),  and  to  analyze  the 
statistical  properties  of  the  exit  times  from  a  set  of  defined  velocity-thresholds. 
Roughly  speaking  a  kind  of  Inverse  Structure  Functions  [7]  (Inverse-SF). 

A  similar  approach  has  already  been  exploited  for  studying  the  particle  sepa¬ 
ration  statistics  [6].  Recently,  exit-time  moments  have  also  been  studied  in  the 
realm  of  shell  model  [7]. 
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2  Exit  Times  moments  and  the  Intermediate  Dis¬ 
sipative  Range 

Fluctuations  of  viscous  cut-off  are  particularly  important  for  all  those  regions 
in  the  fluid  where  the  velocity  field  is  locally  smooth.  It  is  natural,  therefore, 
to  look  for  observable  which  feel  mainly  laminar  events.  A  possible  choice  is 
to  measure  the  exit-time  moments  through  a  set  of  velocity  thresholds.  More 
precisely,  given  a  reference  initial  time  to  with  velocity  we  define  r{6v)  as 

the  first  time  necessary  to  have  an  absolute  variation  equal  to  5v  in  the  velocity 
data,  i.e.  |'y(to)  -  v{to  +  r(5i!))|  =  6v.  By  scanning  the  whole  time  series  we 
recover  the  probability  density  functions  of  T{dv)  at  varying  8v  from  the  typical 
large  scale  values  down  to  the  smallest  dissipative  values.  Positive  moments  of 
t{8v)  are  dominated  by  events  with  a  smooth  velocity  field,  i.e.  laminar  bursts 
in  the  turbulent  cascade.  Let  us  define  the  Inverse  Structure  Functions  as: 

Ep{Sv)  =<r^{Sv)>  .  (1) 

According  to  the  multifractal  description  [5]  we  suppose  that,  for  velocity  thresh¬ 
olds  corresponding  to  inertial  range  values  of  the  velocity  differences,  = 
Vm  <  <  vm  =  ffle  following  dimensional  relation  is  valid:  SrV  ^ 

->  r{6v)  The  probability  to  observe  a  value  r  for  the  exit  time  is 

given  by  inverting  the  multifractal  probability,  i.e.  P{t  ~  ~ 

Made  this  ansatz,  the  prediction  for  the  Inverse-SF,  evaluated  for  velocity 

thresholds  within  the  inertial  range  is: 


^p{Sv) 


where  the  RHS  has  been  obtained  by  a  saddle  point: 

Xsp{p)  =  mill  {[p  +  3  -  Dih)]/h}  .  (3) 

Let  us  now  consider  the  IDR  properties. 

For  each  p  the  saddle  point  evaluation  (3)  selects  a  particular  h  =  hs{p)  where 
the  minimum  is  reached.  Let  us  also  remark  we  can  estimate  the  minimum 
value  assumed  by  the  velocity  in  the  inertial  range  given  a  certain  singularity 
h  as  [5]:  v,nih)  =  Therefore,  the  smallest  velocity  value 

at  which  the  scaling  'Lj,{6v)  ~  still  holds  depends  on  both  jy  and  h. 

Namely,  Svm(p)  ~  ^  The  most  important  consequence  is  that  for 

Sv  <  Svm(p)  the  integral  (2)  is  not  any  more  dominated  by  the  saddle  point  value 
but  by  the  minimum  h  value  still  dynamically  alive  at  that  velocity  difference, 
l/h(Sv)  =  -l-logM/log((5u).  This  leads  for  <  Sv.,n(p)  to  a  pseudo-algebraic 

+  (4) 

The  presence  of  this  p-dependent  velocity  range,  intermediate  between  the  iner¬ 
tial  range,  Tjp(Sv)  ^  and  the  far  dissipative  scaling,  ~  Sv^,  is 
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the  IDR  signature.  Then,  it  is  easy  to  show  that  Inverse-SF  should  display  an 
enlarged  IDR.  Indeed,  for  the  usual  direct  structure  functions  the  saddle  point 
hs{p)  value  is  reached  for  h  <  1/3.  This  pushes  the  IDR  to  a  range  of  scales 
very  difficult  to  observe  experimentally  [4].  On  the  other  hand,  as  regards  the 
Inverse-SF,  the  saddle  point  estimate  of  positive  moments  is  always  reached  for 
hs{p)  >  1/3.  This  is  an  indication  that  we  are  probing  the  laminar  part  of  the 
velocity  statistics.  Therefore,  the  presence  of  the  IDR  must  be  felt  much  earlier 
in  the  range  of  available  velocity  fluctuations.  Indeed,  if  hs(p)  >  1/3,  the  typical 
velocity  field  at  which  the  IDR  shows  up  is  given  by  Svm{p)  ~ 
that  is  much  larger  than  the  Kolmogorov  value  Svr^  ~ 

The  expression  (4)  predicts  the  possibility  to  obtain  a  data  collapse  of  all 
curves  with  diflFerent  Reynolds  numbers  by  rescaling  the  Inverse-SF  as  follows 
[2,  3]: 

\n{T.p{Sv))  InjSv/U) 

\n{Re)  In(Re)  ’ 

where  U  is  an  adjustable  dimensional  parameter. 


-ln(8v/U)  /ln(8T/8To) 

Figure  1:  Data  collapse  of  the  Inverse-SF,  Si  (5?;),  obtained  by  the  rescaling  (5) 
for  the  smoothed  synthetic  signals  at  different  Reynolds  numbers  (for  details 
see  [5])  and  the  experimental  data  (EXP).  The  two  straight  lines  have  the 
dissipative  (solid  line)  and  the  inertial  range  (dashed)  slope. 

The  rationale  for  the  rescale  (5)  stems  from  the  observation  that,  in  the  IDR, 
hs{p)  is  a  function  of  ln((5u)/  In(Re)  only.  This  rescaling  was  originally  proposed 
as  a  possible  test  of  IDR  for  direct  structure  functions  in  [2]  but,  as  already 
discussed  above,  for  the  latter  observable  it  is  very  difficult  to  detect  any  IDR 
due  to  the  extremely  small  scales  involved  [4]. 

Fig.  2  shows  the  rescaling  (5)  of  the  Inverse-SF,  Si(<5u),  for  the  synthetic  field 
at  different  Reynolds  numbers  and  for  the  experimental  signals.  As  it  is  possible 
to  see,  the  data-collapse  is  very  good  for  both  the  synthetic  and  experimental 
signal. 
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3  Conclusions 

In  conclusions  we  have  shown  that  exit-time  moments,  Ep(Sv),  are  dominated 
by  the  laminar  part  of  the  energy  cascade:  they  depend  only  on  the  part  of  D(h) 
which  falls  to  the  right  of  its  maximum  ,  i.e.  h  >  1/3.  These  /I’s  values  are  not 
testable  by  the  direct  structure  functions.  Inverse-SF  are  the  natural  tool  to  test 
any  model  concerning  velocity  fluctuations  less  singular  than  the  Kolmogorov 
value  Sv  ~ 

By  analyzing  high-Reynolds  data  and  synthetic  flelds,  we  have  proved  that  the 
extension  of  the  IDR  for  is  magnified.  The  rescaling  (5)  based  on  the  mul¬ 

tifractal  assumption  gives  a  good  data  collapse  for  different  Reynolds  numbers. 
This  is  a  clear  evidence  of  the  IDR. 
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for  the  access  to  the  experimental  data.  This  work  has  been  partially  supported 
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1  Introduction 

One  important  characterisation  of  high  Reynolds  number,  incompressible  hydro- 
dynamic  flows  is  the  probability  distribution  function  P(u,-,7‘)  of  longitudinal 
velocity  increments  Vr  =  u{x  -\-  r)  —  u{x)  at  scale  r,  where  u{x)  is  the  velocity 
component  along  the  .T-axis  (see,  e.g.,  [1]  for  a  recent  review).  Recent  work  on 
experimental  velocity  signals  indicates  that  P(ur,r)  is  the  solution  of  a  Fokker- 
Planck  equation,  where  the  usual  time  variable  is  replaced  by  the  scale  [3].  The 
velocity  increment  u,.  is  well  described  by  a  continuous  stochastic  process  in 
scale,  Markov  for  large  enough  scales  where  viscous  effects  are  negligible. 

Our  objective  is  to  further  investigate  the  stochastic  process  u,.  by  studying 
the  stochastic  differential  equation  which  governs  its  trajectories  in  scale.  We 
wish  to  emphasize  that  no  attempt  is  made  here  to  “model  velocity  inter  mit- 
tency:  our  results  are  based  on  the  statistical  analysis  of  experimental  data. 


2  Langevin  equation 

We  study  a  turbulent  velocity  signal  recorded  in  an  axisymmetric  jet  in  air, 
characterised  by  a  microscale  Reynolds  number  Rx  —  430,  a  Kolmogorov  scale 
1-)  ~  175  /im,  and  an  integral  scale  L  =  140  mm,  or  800  i]  (see  [2]  for  further- 
details).  The  following  Langevin  equation  for  v,-  is  “read”  from  experimental 
data: 

=  D,{Vr,r)  +  v'2r>2K,r)  «(r),  (1) 

dr 

where  the  minus  sign  on  the  left  hand  side  accounts  for  the  physical  direction  of 
the  cascade,  from  large  to  small  scales.  We  use  Ito’s  conventions  for  stochastic 
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Figure  1:  Graph  (a):  Drift  coefficient  Di{vr,r).  The  slope  of  rDi{vr,r)  vs. 
Vr  is  consistent  with  7  =  -1/3.  Graph  (6):  Diffusion  coefficient  D2{vT,r). 
Insert:  r{D2{vr,r)  -  o?o  +  diVr)  can  be  fitted  by  ^2^?  +  ^3^?  (^0  =  0.56  ms“^, 
di  =  0.045  s-\  d2  =  0.0057;  ds  =  0.0015  m-^s). 


0  so  KX)  ISO 

A;A| 


Figure  2:  Normalised  autocorrelation  function  of  the  random  force  ^(r)  and  of 
the  velocity  derivative  du/dx. 

calculus.  The  drift  and  diffusion  coefficients  are  measured  as: 

D2{vr,r)  =  + 

We  find  (see  Fig.  1):  Di(tir,r)  ~  -Vr/^r  and  D2{vr,r)  ~  do  -  +  d2V^lr  + 

d^vl/r  (see  the  caption  for  numerical  values  of  do,  di,  d2  and  da). 


3  A  Markov  process 


We  proceed  to  evaluate  the  random  force  ^(r): 


Di{Vr, 


(3) 


The  autocorrelation  function  Q(r,  Ar)  =  (<^(7’)C(r  +  Ar))  decays  rapidly  as 
a  function  of  Ar  (see  Fig.  2).  The  process  Vr  is  indeed  Markov  because  the 
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correlation  scale  p  of  the  noise  ^(r)  (of  the  order  of  a  few  times  77)  is  much 
smaller  than  L  =  800  77.  This  means  in  practice  that  C^{r,Ar)  can  be  safely 
approximated  by  a  5-function  for  scales  large  compared  to  p,  i.e.  in  the  inertial 
range.  The  scale  p  quantifies  the  locality  of  the  turbulent  cascade  process. 

We  checked  that  {Vr  ^{r))  ~  0  within  statistical  error.  Using  Eq.  (3),  this 
implies  that  the  random  variable  ^ (?•)  is  statistically  equivalent  to  the  derivatives 
du,  /d7'  ~  du/dx,  where  u{x)  is  the  longitudinal  velocity  component.  Indeed, 
Fig.  2  shows  that  the  (spatial)  autocorrelation  function  of  du/dx  is  identical  to 
Q(r,Ar). 

A  straightforward  physical  explanation  for  the  Markov  character  of  the  cas¬ 
cade  follows.  The  random  force  ^(7-)  is  “rapid”  compared  to  the  “slow”  variable 
v,.  because  the  longitudinal  velocity  u{x)  is  correlated  over  distances  much  larger 
than  the  correlation  length  of  its  spatial  derivative  du/dx. 


4  structure  functions 

We  checked  that,  since  P{du/dx)  is  non-Gaussian  (see,  e.g.,  [1]),  the  proba¬ 
bility  distribution  function  of  ^(7')  is  also  non-Gaussian.  However,  a  Gaussian 
approximation  of  the  random  force  ^  (r)  allows  to  compute  analytically  the  scale- 
dependence  of  the  structure  functions  (v:il)  in  the  inertial  range. 

Since  the  asymmetry  of  P(ur)  is  weak,  evolution  equations  for  even-order 
moments  read  (02;,  =  2p  ((1/3)  -  (2p  -  1)^2): 

-  2p(2p  -  1)  doL  (4) 

dr  r 

Supplemented  with  initial  conditions  at  large  scale  the  hierarchy  (4)  is 

exactly  solvable  for  all  p:  structure  functions  are  expressed  as  a  finite  linear 
combination  of  power  laws  of  r  with  different  exponents.  Noticing  that  doT  ~ 
0.07  is  a  small  parameter,  we  give  below  the  expression  of  {vfj^)  at  order  (doT)U 

(f 

-  doL  -  (£)"='■) + onckin 

(5) 

Fig.  3  shows  that  expression  (5)  is  in  excellent  agreement  with  experimental  data 
in  the  inertial  range. 

Similar  arguments  yield  analytic  expressions  for  odd-order  moments 
as  a  finite  linear  combination  of  power  laws  of  7’  with  different  exponents.  We 
find  a  linear  scale-dependence  for  the  third  moment  (7;^)  oc  r,  in  agreement  with 
Kolmogorov’s  four-fifth  law. 

5  Conclusion 

Our  approach  yields  a  quantitatively  accurate  description  of  the  cascade  process. 
In  particular,  Eq.  (5)  gives  a  quantitative  assessment  of  how  inertial  range  be- 
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Figure  3:  Even-order  moments  p  =  1  to  4,  are  compared  to  the  solutions 

(5)  in  the  inertial  range  (a2  =  0.66,  0:4  =  1-26,  ae  =  1.83,  as  =  2.35,  doL  = 
0.07).  The  size  of  symbols  used  for  the  moments  gives  the  statitical  error  bars. 


haviour  depends  upon  large  scale  fluctuations,  through  the  integral  scale  L  and 
the  moments  (u£).  The  physical  picture  which  emerges  is  the  following:  Kol¬ 
mogorov’s  scaling  ((u“)  oc  corresponds  to  a  “classical  path”  {D2  =  0)  for 
trajectories  of  Vr’.  dVr/dr  =  Ur/(3r),  while  finite  Reynolds  number  corrections 
amount  to  fluctuations  around  this  path. 
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1  Introduction 

The  intermittent  nature  of  the  small-scale  fluctuations  in  fully  developed  turbu¬ 
lence,  is  reflected  by  the  non- Gaussian  statistics  of  the  rate  of  turbulent  energy 
dissipation  e  and  the  anomalous  scalings  of  the  f/-order  velocity  structure  func¬ 
tions: 

s,  =<  sv;‘  >~  with  C(c)  (1) 

The  experimental  evidence  of  the  C{q)  anomalous  behavior  (see  e.g.  [1])  has 
motivated  the  formulation  of  many  so-called  phenomenological  models  in  order 
to  predict  the  non-linear  dependence  of  ({q)  on  q.  This  aspect  has  received 
further  attention  in  the  last  years  due  to  the  connection  between  intermittency 
and  the  presence  of  organized  structures.  The  new  aspect  here  concerned,  is  that 
coherent  structures  of  different  size  affect  not  only  the  small  scales  statistics  but 
also  the  fluctuations  at  intermediate  scales.  This  feature  might  be  taken  into 
account  by  the  analysis  of  the  local  kinetic  energy  er(x)  =  SVrix)'^. 

Our  physical  idea  is  that  coherent  structures  responsible  for  intermittency 
are  statistically  independent  inducing  exponential-like  PDFs  of  er{x)  at  fixed 
r,  with  no  influence  of  their  shape,  whereas  the  energy  cascade  mechanism  is 
reflected  by  a  power  law  dependence  of  e,.  upon  r.  It  is  therefore  possible  to 
determine  the  q-order  moments  of  e,.(.T),  both  in  terms  of  r  and  of  x: 

<  CrixY  >  =  C„  <  e,(x)  >" 

<  e,.{xy  >  =  -1  <  e,(x-)"-‘  > 

a,. 
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(2) 

(3) 
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where  C,/  is  a  non  dimensional  constant,  7(g)  is  the  scaling  exponent  which 
retains  the  effects  of  intermittency  and  a,,  denotes  the  (positive)  magnitude  of 
the  exponential  decay  of  the  PDF.  By  combining  the  above  equations  and  taking 
into  account  the  exact  condition  C(3)  =  1,  the  following  equation  is  obtained 

ap)  =  - 1)  +  Sm  ■  ^ 

Eq.(4)  represents  the  recursive  formula  which  yields  the  scaling  exponents.  We 
remind  that  this  equation  has  been  obtained  with  no  assumptions  on  the  shape 
of  the  coherent  structures  responsible  for  intermittency. 


2  Validation  of  the  model 

The  only  free  parameter  left  unknown  in  eq.  (4)  is  C(l)-  From  the  experimental 
or  numerical  side,  the  ((1)  computation  may  be  performed  with  a  relatively 
limited  amount  of  samples  since  it  is  related  to  the  moment  of  order  one.  On  the 
other  hand,  the  appropriate  value  of  ((1)  niay  be  found  by  fitting  the  whole  curve 
((p)  vs.  p  on  previous  experimental  or  numerical  results.  Using  this  approach, 
by  comparison  with  previous  experimentally  estimated  C(p)  in  homogeneous  and 
isotropic  turbulence  ([3])  it  is  found  C(l)  ==  0.38.  As  indicated  in  Fig.  1,  results 
are  in  good  agreement  with  previous  C(p)  estimates. 

An  analysis  of  the  sensitivity  of  the  predicted  C(p)  with  respect  to  the  C(l) 
magnitude  has  shown  that  an  increase  in  magnitude  of  C(l)  leads  to  an  increase 
of  the  intermittency  corrections  also  for  larger  p  (i.e.  smaller  magnitude  of  the 
C{p)  P>  Therefore,  with  a  proper  value  of  C(l),  the  present  model  may  be 
able  to  predict  the  scaling  exponents  for  non  homogeneous  turbulent  flows  where 
a  larger  intermittency  may  be  observed,  as  in  cases  of  wall  turbulent  flows.  When 
the  magnitude  of  C{1)  is  instead  decreased,  the  intermittency  corrections  also 
decrease  and  a  curve  C{p)  closer  to  the  Kolmogorov  prediction  is  obtained.  Also 
this  aspect  may  have  physical  implications  since  there  might  be  flow  conditions 
where  the  non-homogeneity  leads  to  a  decrease  of  intermittency  (e.g.  [5]).  As  an 
example,  in  Fig.  2  we  report  a  comparison  of  present  prediction  with  previous 
results  in  non  homogeneous  conditions.  The  agreement  is  good  in  both  cases 
showing  that  present  model  may  give  appropriate  approximations  of  the  C(p) 
for  both  homogeneous  and  non-homogeneous  conditions,  provided  the  C(l)  is 
properly  selected. 


3  Behavior  at  very  large  p 

The  validity  of  the  model  is  mainly  related  to  the  robustness  of  the  hypothesis 
of  exponential  PDFs  of  the  kinetic  energy  fluctuations.  This  limitation  is  re¬ 
flected  in  the  analytical  form  of  the  recursive  formula  (eq.  4)  which,  for  very 
large  p  {p  >  349)  produces  negative  exponents  with  no  physical  meaning.  A 
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Figure  1:  Present  predicted  C(p)  (using  C(l)  =  0.38)  compared  with  previous 
theoretical  ([4])  and  experimental  ([3])  results 


Figure  2:  Present  predicted  (p  computed  using  Ci  =  0.35  (solid  line)  and  Q  = 
0.44  (dotted  line)  compared  with  numerical  results  achieved  in  a  channel  flow 
(o,  [6])  and  experimental  data  taken  close  to  a  grid  (*,  [5]).  Present  predicted 
Cp  obtained  with  Ci  =  0.38  are  also  reported  (dashed  line). 


suitable  asymptotic  form  of  eq.  (4)  for  p  oo,  cannot  be  obtained  conserving 
the  hypothesis  of  exponential  PDFs  of  Indeed,  the  analysis  of  very  large 
p  corresponds  to  consider  events  so  rare  that  they  cannot  be  characterized  by 
a  simple  PDF.  A  possibility  to  retrieve  the  correct  behavior  for  large  p,  is  to 
perform  a  suitable  fit  of  the  experimental  PDF,  by  combining  the  exponential 
decay  with  other  more  complicate  functional  forms.  For  example,  if  a  stretched 
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exponential  is  assumed  (e.g.,  [7]).  the  PDF  of  the  energy  should  have  the  form 
p{e)  =  Aexp[—ax^).  Then,  repeating  the  procedure  presented  above,  it  is 
possible  to  obtain  the  following  final  formula: 


a<i)  =  a<i-i)+ 


1  -  2PC(1)  ,  3C(1)  -  1  1 


+ 


3-2P  3-2P  ln{l) 


where 


h  = 


r(f) 


r(?)’  "^(1) 


In 


hk 


T  2,ln 


In 


and  P  = 


1/2  Hi) 


ilk) 


M 

^(f)J 


(5) 


where  r(j;)  represents  the  Gamma  function.  The  different  functional  form 
adopted  affects  only  the  largest  order  moments.  This  explains  why  the  present 
model  fails  the  prediction  of  the  larger  order  structure  function  exponents.  On 
the  other  hand,  the  assumption  of  a  stretched  exponential  instead  of  a  pure 
exponential,  does  not  lead  to  a  simple  recursive  relation  like  that  given  in  the 
present  work.  In  addition,  it  must  be  noted  that  the  stretching  parameter  (3  is 
not  uniquely  determined  but  it  is  rather  obtained  by  an  empirical  fit  of  experi¬ 
mental  data;  this  would  introduce  an  additional  tuning  parameter  in  the  model 
which  would  make  it  less  general. 
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1  Introduction 

Most  of  the  available  data  analysis  and  theoretical  ideas  about  the  universal 
statistics  of  the  small  scale  structure  of  turbulence  assume  the  existence  of  an 
idealized  model  of  homogeneous  and  isotropic  flow.  In  fact  most  realistic  flows 
are  neither  homogeneous  nor  isotropic.  The  traditional  analysis  of  such  flows 
disregards  the  inhomogeneities  and  anisotropies  and  assumes  that  the  results 
pertain  to  homogeneous  and  isotropic  flows. 

We  present  here  a  different  approach  to  the  problem  that  takes  the  anisotropies 
explicitly  into  account  by  decomposing  the  relevant  statistical  objects  into  their 
isotropic  and  anisotropic  contributions,  and  estimating  the  degree  of  universality 
of  each  component  separately  [1]. 

2  The  50(3)  decomposition. 

We  address  scaling  in  inhomogeneous  and  anisotropic  turbulent  flows  by  decom¬ 
posing  structure  functions  into  their  irreducible  representations  of  the  SO(3) 
symmetry  group  which  are  designated  by  (i,m)  indices  [1,  2]. 

Employing  a  direct  numerical  simulation  of  a  turbulent  channel  flow  with 
Roa  w  40,  we  measure  directly  the  longitudinal  structure  functions: 

5(p)(r^R)  =  ([(u(r‘=  -f  R)  -  u(r*=  -  R))  •  Rf )  (1) 
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Figure  1:  Log-log  plot  of  the  isotropic  sector  of  the  4th  order  structure  function 
vs.  R,  with  in  the  central  plane  of  the  channel  (-{-).  The  data  repre¬ 
sented  by  (x)  correspond  to  the  undecomposed  longitudinal  structure  function, 
with  in  the  central  plane  of  the  channel.  The  dashed  line  repre¬ 
sents  the  intermittent  isotropic  exponent  C(4)  =  1.28. 

Where  the  two  velocity  fields  are  measured  at  the  extremes  of  the  diameter  of 
a  sphere  of  radius  R  centered  at  r^.  Due  to  the  inhomogeneity  this  function 
depends  explicitly  on  Due  to  the  anisotropy  the  function  depends  on  the 
orientation  of  the  separation  vector  R  as  well  as  on  its  magnitude.  Having 
computed  5b4(r^,R)  we  decompose  it  into  the  irreducible  representations  of 
the  SO (3)  symmetry  group  according  to: 

S<")(r=,  R)  =  |R|)5},,..(R)  .  (2) 

We  expect  that  when  scaling  behavior  sets  in  (presumably  at  high  enough  Re) 
we  should  find: 

(3) 

One  of  the  main  results  that  we  want  to  underline  is  that  by  applying  the  SO (3) 
decomposition  we  seem  to  improve  significantly  the  quality  of  the  scaling  be¬ 
havior.  In  Fig.l  we  show  (i)  the  log-log  plot  of  the  undecomposed  structure 
function  with  p  =  4  measured  on  the  central  plane  with  the  vector  R  in  the 
streamwise  direction,  R  —  Ra:,  and  (ii)  the  fully  isotropic  sector  5q^o  (r*^,  |R1) 
with  the  average  in  (1)  taken  on  the  sphere  centered  on  the  central  plane  of  the 
channel.  It  appears  that  already  at  this  fairly  low  Reynolds  number  the  j  =  0 
sector  shows  quite  good  scaling  behavior  as  a  function  of  R.  This  is  in  marked 
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Figure  2:  Logarithmic  local  slopes  of  the  ESS  plot  of  the  undecomposed  structure 
function  of  order  4  versus  the  undecomposed  structure  function  of  order  2  at  the 
center  of  the  channel  (crosses),  at  1/4  of  the  channel’s  height  (stars)  and  of  the 
j  —  0  projection  at  the  center  (pluses),  and  at  1/4  of  the  channel  (squares).  Also 
two  flat  straight  lines  corresponding  to  the  high-Reynolds  number  limit,  1.82, 
and  to  the  K41  non-intermittent  value,  2,  are  shown. 


contrast  with  the  undecomposed  structure  function  for  which  no  scaling  behav¬ 
ior  is  detectable.  It  is  remarkable  that  the  j  =  0  exponent  agrees  extremely  well 
with  measurements  of  the  scaling  exponents  at  high  Re. 

On  the  other  hand,  in  order  to  extract  scaling  properties  from  the  undecomposed 
structure  functions  it  is  necessary  to  resort  to  ’extended-self-similarity”  (ESS) 

w- 

Moreover,  undecomposed  structure  functions  showed  intermittent  corrections 
strongly  dependent  on  the  distance  from  the  walls  [3].  In  order  to  better  un¬ 
derstand  the  possible  non-universal  properties  as  a  function  of  the  anisotropic 
effects  we  have  also  applied  the  SO  (3)  decomposition  with  a  sphere  centered  at 
one  fourth  of  the  channel. 

In  Fig.2  we  show  the  logarithmic  local  slopes  of  the  undecomposed  structure 
functions  {r^ ,  Rx)  vs  Rx)  with  the  center  both  at  the  center  and 

at  one  fourth  of  the  channel’s  height.  Also  the  logarithmic  local  slopes  of  the 
projections  on  the  j  =  0  sector  at  the  same  two  distances  from  the  walls  are 
presented. 

As  it  is  evident,  the  undecomposed  structure  function  at  the  center  of  the  chan¬ 
nel  and  the  two  j  =  0  sectors  are  in  good  agreement  with  the  high  Reynolds 
number  estimate  ((4)/C(2)  =  1.82,  while  a  clearly  spurious  departure  is  seen  for 
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the  undecomposed  structure  function  at  1/4  of  the  channel. 

The  interpretation  of  this  result  is  that  the  amplitude  of  the  isotropic  sector 
depends  strongly  on  the  local  degree  of  anisotropy  and  inhomogeneity.  This 
component  is  dominant  in  fixing  the  scaling  law  of  the  total  structure  function 
only  at  the  center  of  the  channel,  where  there’s  the  highest  degree  of  homogeneity 
and  isotropy. 

The  application  of  the  50(3)  decomposition  to  anisotropic  flows  is  limited  by 
the  fact  that  this  method  is  non-local,  so  the  closest  region  to  the  boundaries, 
where  the  gradients  of  the  velocity  field  are  stronger,  i.e.  the  anisotropies  and 
inhomogeneities  are  higher,  can  not  be  analyzed. 

3  Conclusions 

•  A  new  approach  to  anisotropic  turbulence  is  presented  that  explicitly  takes 
into  accounts  the  anisotropies  and  gives  an  interpretation  of  the  variations 
in  the  scaling  exponents  observed  upon  changing  the  position  in  which  the 
analysis  is  performed. 

•  By  decomposing  the  longitudinal  structure  functions  into  the  irreducible 
representations  of  the  50(3)  symmetry  group  one  finds  that  the  scaling- 
behavior  is  better  defined  in  separated  (/,  m)  sectors.  This  is  in  contrast 
with  the  undecomposed  structure  function  which  fails  to  exhibit  any  scal¬ 
ing,  but  in  the  ESS  sense. 

•  The  isotropic  (0,  0)  component  of  the  structure  functions  exhibits  a  univer¬ 
sal  scaling  exponent,  independently  from  the  spatial  location  in  the  flow 
and  the  distance  from  the  walls. 
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1  Introduction 

Recent  numerical  simulations  of  wall  bounded  turbulent  flows  have  confirmed  the 
growth  of  intermittency  towards  the  wall  where  a  large  population  of  coherent 
structures  develops  in  high  shear  regions. 

A  quantitative  description  of  the  statistical  properties  of  the  flow  is  achieved 
by  considering  the  moments  of  the  longitudinal  increments  of  streamwise  veloc¬ 
ity,  6V  —  V{x  +  r)  —  V{x).  In  the  context  of  homogeneous  isotropic  turbulence, 
the  Kolmogorov-Obukhov  refined  similarity  (RKSH)  provides  a  scaling  law,  for 
large  Reynolds  number,  in  terms  of  the  separation  r.  Assuming  as  independent 
variable  the  third  order  structure  function  instead  of  separation  [1],  in  the  spirit 
of  extended  self  similarity  (ESS),  scaling  laws  emerge  also  at  the  relatively  small 
values  of  the  Reynolds  number  that  can  be  achieved  by  DNS.  The  RKSH  in  its 
extended  form, 


<  <spp  >  oc  . ^  ,  (1) 

<  e  >'>/3 

has  been  extensively  checked  against  most  of  the  available  data. 

In  the  near  wall  region  the  leading  process  is  the  momentum  transfer  occur¬ 
ring  in  the  wall  normal  direction,  due  to  the  large  local  mean  shear  5,  which 
corresponds  to  production  of  turbulent  kinetic  energy  via  Reynolds  stresses, 
S  <  uv  >.  Based  on  this  analysis,  a  new  form  of  scaling  law  has  been  proposed 
[2]  for  the  wall  region, 

<5V'’>  oc  ^ . ^  ,  (2) 

in  terms  of  the  structure  function  of  order  two. 
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To  reproduce  a  similar  dynamics  under  simplified  conditions  we  consider  here 
a  flow  with  a  constant  mean  shear  rate  in  absence  of  solid  walls.  The  homoge¬ 
neous  shear  flow  presents  two  main  advantages  with  respect  to  wall  bounded 
flows.  Namely  it  isolates  the  effect  of  the  shear  from  other  concurrent  effects 
such  as  the  suppression  of  wall-normal  fluctuations  [3],  and  the  non  uniform  mo¬ 
mentum  flux  across  adjacent  layers.  Moreover  it  improves  the  statistical  analysis 
by  exploiting  homogeneity  in  all  the  spatial  directions.  Clearly  the  possibility  to 
reach  a  stationary  state  [4]  is  a  necessary  prerequisite. 


2  Homogeneous  shear  flow 

We  consider  a  periodic  box  with  an  imposed  mean  velocity  gradient,  as  already 
done  by  Lee  et  al.  [3],  Kida  and  Tanalca  [5]  and  Pumir  [4]  following  the  approach 
proposed  by  Rogallo. 

In  order  to  analyze  the  statistical  features  of  the  flow  we  have  computed,  by 
using  ESS,  the  scaling  exponents  of  the  structure  functions.  As  shown  in  figure 
1  a  departure  from  the  values  typical  of  isotropic  turbulence  is  quite  clear.  The 
effect  of  the  mean  shear  over  the  fluctuations  of  turbulence  is  usually  evaluated 
by  means  of  the  non  dimensional  parameter  5*  =  Sq^/e  with  q  the  rms  value 
of  velocity  and  e  the  mean  dissipation  [3].  This  parameter  may  be  interpreted 
as  the  ratio  between  an  inertial  scale  Id  =  (/^/c  and  the  shear  scale  defined 
as  Ls  =  x/e/^.  By  using  dimensional  arguments  the  dynamics  induced  by 
the  shear  is  relevant  at  scales  r  >  a  condition  that  can  be  achieved  when 
S*  =  (Id/Ls)^^^  >  1.  In  our  calculation  we  have  S*  =  7. 


Figure  1:  Left:  <  SV^  >  vs.  <  5V^  >:  isotropic  turbulence  (triangles)  and  their 
fit  (slope  1.78).  Shear  flow  (filled  circles)  and  their  fit  (slope  1.7).  Right:  Scaling 
exponents  Cp,  K41  (solid  line),  isotropic  turbulence  (triangles),  shear  flow  (  filled 
circles). 

For  this  flow  let  us  check  the  validity  of  the  two  forms  of  similarity  laws 
i.e.  equations  (1)  and  (2).  We  can  observe,  figure  2,  a  quite  clear  failure  of  the 
classical  RKSH  form  (1)  in  the  homogeneous  shear  flow,  while  the  new  scaling 
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Figure  2:  Left:  <  5V^  >  vs.  <  ><  SV^  Isotropic  turbulence  (triangles) 

and  their  fit  (solid  line  with  slope  0.98).  Shear  flow  (filled  circles)  and  their  fits 
in  two  regions  €  [1)5]  ^  [5,60],  dotted  line  with  slope  0.99  and  solid 

line  with  slope  0.90  respectively.  Right:  <  >  vs.  <  ><  SV^  in  shear 

flow.  The  solid  line  (slope  0.99)  gives  the  fit  in  the  whole  range.  In  the  inset 
compensated  plot  for  eq.  (1)  vs.  r  (filled  circles)  and  corresponding  plot  for  eq. 
(2),  (circles). 


law  (2)  holds  in  the  whole  range  of  available  scales.  This  results  is  consistent 
with  the  role  played  by  the  Reynolds  stress  term  S  <  uv  >  as  occurs  for  wall 
turbulence. 

Both  ESS  and  RKSH  results  clearly  indicate  how  the  homogeneous  shear 
flow  presents  many  features  quite  similar  to  wall  bounded  flows.  The  scaling 
exponents  (p  show  a  departure  from  isotropic  values  while  the  failure  of  RKSH 
indicates  the  role  of  the  production  term,  with  respect  to  isotropic  nonlinear 
energy  transfer,  on  the  energy  cascade.  These  observations  suggest  to  analyze 
in  more  details  the  anisotropy  and  its  possible  persistence  at  small  scales. 

In  order  to  attempt  a  scale  by  scale  analysis  of  anisotropy  we  have  applied  a 
sharp  low-pass  filter  with  cut-off  wave  number  /c/  to  the  DNS  data  and  we  have 
computed  the  anisotropy  indicator  bij  —<  UiUj  >  /  <  v?  >  -l/35ij  shown 
in  figure  3.  The  anisotropy  is  essentially  built  up  from  the  contribution  of  the 
largest  scales  (r  >  L^)  where  the  effect  of  shear  is  predominant.  By  adding  the 
finest  scales  (r  <  Lg),  the  anisotropy  of  the  flow  saturates  up  to  an  asymptotic 
value  different  from  zero  which  is  the  value  of  the  global  field.  Actually,  in 
the  present  calculation,  the  shear  wave  number  is  /cs  =  27r/Ls  ~  8  while  the 
saturation  of  hij  occurs  at  kf  10.  This  observation  doesn  t  necessarily  imply 
small  scale  isotropy,  at  least  for  small  value  of  the  Reynolds  number.  In  fact, 
in  the  present  conditions,  the  anisotropy,  injected  at  large  scales,  is  essentially 
inherited  at  the  smaller  ones. 

In  order  to  get  a  deeper  insight  into  the  feature  of  small  scale  anisotropy,  we 
have  performed  a  further  analysis,  local  in  wave  number  space,  computing  the 
indicator  where  E12  and  Ea  are  respectively  the  eneigy  cospectium 
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and  the  energy  spectrum  of  the  velocity  field.  This  indicator  vanishes  for  wave 
numbers  where  isotropy  is  reached.  From  the  plot  in  figure  3  we  observe  a 
trend  towards  a  saturation  which  corresponds  to  a  common  behavior  of  the  two 
spectra.  This  result  resembles  the  theoretical  prediction  given  in  [6]  about  the 
common  scaling  for  shear  dominated  scales  in  wall  turbulence.  On  the 
other  hand,  according  to  this  theory,  isotropy  may  be  recovered  as  confirmed  by 
well  established  experimental  results  [7]  for  quite  large  distances  from  the  wall 
{y'^  ~  10^).  In  these  conditions  the  ratio  S*  =  S{v/eY^'^  =  (yy/Ls)^/^  is  very 
small  of  the  order  of  10"^.  Such  a  large  separation  of  scales  provides  enough 
space  for  the  setting  up  of  local  isotropy.  Close  to  the  wall,  instead,  the  value  of 
SI  increases  and  anisotropy  is  expected  to  persist  up  to  the  smallest  scales.  In 
these  last  conditions  the  new  RKSH,  equation  (2),  is  observed  to  hold  both  for 
wall  bounded  [2]  and  for  homogeneous  shear  flow  [8] . 


Figure  3:  Left:  anisotropy  indicator  bij  as  a  function  of  the  cut-off' wave  number 
kf.  Right:  ratio  Ei-i/Ea  as  a  function  of  wave  number  k. 
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1  Introduction 

Many  studies  have  been  devoted  to  the  interpretation  of  the  anomalous  scaling 
of  the  velocity  structure  functions  in  non-homogeneous  and  non-isotropic  tur¬ 
bulent  flows.  Progress  in  this  domain  relies  on  the  property  called  ’’Extended 
Self  Similarity”  [1],  that  has  received  attention  in  numerical  studies  performed 
by  [2]  and  [3].  Following  the  methodology  proposed  in  Babiano  et  al.  [2]  and 
Babiano  [3],  used  in  the  study  of  non-homogeneous  numerical  two-dimensional 
turbulence,  we  were  led  to  a  more  detailed  investigation  of  Gaudin  et  al  [4] 
experimental  data  by  analyzing  the  anomalous  behavior  of  the  third-order  lon¬ 
gitudinal  structure  function  at  different  locations  in  the  turbulent  wake,  as  was 
done  for  grid  turbulence  in  [5].  We  propose  that  ESS  is  more  than  a  simple 
experimental  methodology,  useful  for  defining  with  greater  accuracy  the  inertial 
range  according  to  Kolmogorov’s  theory.  It  is  in  fact  a  fundamental  property 
sustained  by  the  natural  link  between  the  energy  transfer  among  the  various 
scales  of  motion  and  the  non-linear  term  in  the  Navier-Stokes  equation,  where 
the  third  order  longitudinal  velocity  increments  seem  to  play  a  fundamental  role. 


2  The  methodology 

The  methodology  proposed  by  Babiano  et  al.  [2],  based  on  the  statistical  prop¬ 
erties  of  the  absolute  energy  transfer  at  scale  /,  is  related  to  the  non-linear  term 
of  the  Navier-Stokes  equation.  For  a  given  length-scale  /,  the  instantaneous  ab¬ 
solute  value  of  the  energy  transfer  assured  by  the  non-linear  term  of  the  equation 
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of  motion  of  an  incompressible  flow  is  given  by 

f  +  f'y^dsi  ,  (1) 

yi  I  Js, 

where  u  =  V.fiis  the  component  longitudinal  to  I  of  the  velocity  F,  which  is  also 
normal  to  the  element  dsi  of  surface  Si  containing  the  control  volume  defined  at 
scale  I  and  centered  at  the  space-position  x  +  //2,  P  is  the  pressure  and  v  is  the 
transversal  component  of  V,  (|  V 

The  energy  transfer  hierarchy  is  defined  as: 

(2) 

where  6p  is  a  local  scaling  exponent  which  may  also  depend  on  the  length- 
scale  I  in  a  non-homogeneous  case.  The  transfer  hierarchy  has  two  limits  af  = 
limp_>o  H{pJ)  ~  and  =  lim^-^oo  B[{p,l)  ~  characterizing  respec¬ 

tively  the  relative  contribution  of  the  least  or  most  intermittent  fluctuations  of  <7/ 
at  given  scale  L  We  consider  valid  in  the  non-homogeneous  case  the  generalized 
similarity  hypothesis 

l^v  CFl 

(Wl)  (^/)’ 

where  means  that  the  terms  have  the  same  scaling  properties.  Then,  from 
(3)  the  relative  scaling  exponents  Cp/Csj  defined  in  the  framework  of  the  ESS, 
are  given  by 

4  =  (4) 

where  I(p)  =  Y^qZo  ^  .  More  details  may  be  found  in  [5] 


3  Experimental  results 

Figure  la  shows  the  behavior  of  the  third  order  scaling  exponent  Cs  at  different 
downstream  distances  X/D  from  the  cylinder  at  the  lateral  distance  Y/D  = 
-0.8,  where  D  is  the  diameter  of  the  cylinder.  The  curve  clearly  illustrates  the 
anomalous  behavior  of  the  third-order  structure  function.  Near  the  cylinder, 
where  the  flow  dynamics  is  nonlocal,  (^3  shows  maximum  values  in  an  average 
sense.  Furthermore,  (3  decreases  up  to  a  minimum  closer  to  1,  corresponding  to 
the  most  explored  regions  in  the  cylinder  wake.  Figure  lb  shows  the  hierarchy 
for  p  =  0  and  p  =  5  as  a  function  of  non  dimensional  length-scale  //p,  where  p  is 
Kolmogorov’s  length  scale,  for  already  explored  positions  near  the  cylinder,  up 
to  Xld=  15,  corresponding  to  the  same  section  Y/d  ~  -0.8.  All  quantities  are 
normalized  by  their  maximum  values  at  small  scale.  Near  the  cylinder,  Jq  shows 
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a  minimum  value  at  all  length-scales  I/t]  and  saturates  far  from  the  cylinder. 
At  the  same  time,  Sc^  remains  almost  stationary.  Consequently,  (5c)o  —  is 
maximum  near  the  cylinder  where  the  flow  dynamics  is  strongly  nonlocal. 

In  the  framework  of  the  laboratory  measurements  described  here,  the  abso¬ 
lute  scale- to-scale  energy  transfer  defined  in  (1)  is  approximated  by 

ai  <  \u^ix)  -  u^{x  -h  /)|  >,  (5) 

where  <  .  >  now  refers  to  the  time  average  using  locally  Taylor’s  hypothesis  to 
obtain  the  spatial  dependence. 

The  newly  defined  quantity  A*,  which  is  calculated  via  the  hierarchy  de¬ 
scribed  in  (2)  using  instead  a*,  exhibits  a  universal  behavior  as  a  function  of  the 
non-dimensional  scale  I /r].  This  is  shown  as  an  example  for  the  lateral  distance 
Yjd  =  -0.8  at  different  downstream  distances  X/d  from  the  cylinder  in  figure 
Ic.  In  the  experiments  described  in  his  paper,  A*  shows  a  remarkably  good 
scale- invariance  in  a  large  range,  even  when  both  the  absolute  scaling  exponents 
^3  and  ^oo  —  depend  clearly  on  the  separation  distance  l/r}.  This  explains  the 
compensation  effect  which  operates  in  (1),  consolidating  the  application  of  the 
ESS  property  even  in  non-homogeneous  flows.  These  results  are  also  consistent 
with  the  numerical  investigations  of  non-homogeneous  two-dimensional  turbu¬ 
lence  performed  in  [2]  and  [3],  and  consolidates  the  idea  that  both  the  unmasked 
properties  in  non-homogeneous  flows  and  the  proposed  tool  are  well  sustained 
independently  of  the  particular  flow  geometry,  as  seen  in  [5]  where  a  similar 
behavior  was  found  in  a  jet  flow  and  in  grid  induced  turbulence. 


Figure  1:  The  behavior  of  Cs  (a),  (b)  and  A*  =  (c)  as  function 

of  non-dimensional  scale  I/?]  at  different  downstream  distance  X/D  from  the 
cylinder,  for  the  lateral  distance  X/D  —  -0.8  (  X/d  =  2  (o),  X/d  —  3  (□), 
X/d  =  4  (o),  X/d  ^  7  (A),  X/d  =  10  (<),  X/d  =  15  (y),  X/d  =  20  (>)) 
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4  Conclusions 

•  Even  if  the  local  scaling  exponents  (Joo  “  ^o)  and  ^3  depend  on  the  sep¬ 
aration  distance  I,  the  quantity  A  and  its  close  approximation  A*  show 
scale-invariant  properties  and  seem  universal.  This  experimental  results 
may  explain  why  the  ESS  property  applies  in  non-homogeneous  and  non¬ 
isotropic  turbulence. 

•  The  non-uniqueness  of  Cp/Cs  seems  affected  by  the  localness  of  the  flow 
dynamics  generated  by  the  coherent  structures  traveling  in  the  wake  behind 
the  cylinder.  In  fact,  the  intermittency  is  not  uniformly  distributed  in 
the  flow.  The  regions  near  the  cylinder,  where  the  coherent  structures  are 
more  concentrated  and  the  dynamics  is  nonlocal,  are  strongly  intermittent. 
Far  from  the  cylinder  the  turbulence  is  quasi-homogeneous,  even  if  the 
turbulence  has  decayed. 

•  Due  to  the  experimental  difficulties  of  measuring  transversal  velocity  com¬ 
ponents  and  their  scaling,  taking  into  consideration  the  local  symmetry, 
we  have  ignored  their  contribution  to  a* .  We  would  like  to  stress  the  non¬ 
universality  of  Cp/Csj  apparent  in  non-homogeneous  turbulence  while  at 
the  same  time  there  appears  to  be  universality  of  A.  Other  experiments 
are  needed  to  asses  whether  Cr/Cs  different  and  A  constant  in  various 
types  of  flows,  and  whether  this  behavior  is  dependent  on  the  Reynolds 
number. 

This  work  was  financed  by  the  European  Science  Foundation  (TAO  grant) 
and  by  European  Union  projects  MASS-  CT950016  and  MAS3-CT960049  (UE95- 
0016).  We  thank  J.  Wojciechowski,  E.  Gaudin  and  J.  E.  Wesfreid  for  their 
comments. 
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1  Introduction 

Recently  a  number  of  papers  on  the  intermittency  properties  of  the  streamwise 
velocity  component  in  turbulent  channel  flow  have  been  published  (Onorato 
et  al.  [1],  Benzi  et  al.  [2],  Antonia  et  al.  [3],  Toschi  et  al.  [4]).  A  major 
finding  consistent  with  all  the  work  published  is  that,  moving  towards  the  wall, 
it  is  observed  a  growth  of  the  intermittency  that  indicates  a  dependence  of  the 
scaling  exponent  on  (the  distance  from  the  wall  adimensionalized  with  the 
viscous  length).  In  this  paper,  our  aim  is  to  give  a  contribution  in  understanding 
the  intermittency  features  of  the  longitudinal  velocity  close  to  the  wall.  We 
consider  hot  wire  experimental  data  of  the  streamwise  velocity  component  in  a 
fully  developed  turbulent  channel  flow.  The  experiment  has  been  carried  out  in 
a  rectangular  cross  section  channel,  7  rn  long,  70  mm  high  and  300  mm  wide. 
The  Reynolds  number  based  on  the  friction  velocity  is  Re-,-  =510.  Longitudinal 
velocity  measurements  have  been  performed  using  a  single  subminiature  hot  wire 
sensor  characterized  by  2  /im  of  diameter  and  0.45  mm  long,  which  corresponds 
to  6.6  wall  units. 


2  PDF  and  “plus  and  minus”  structure  function 

In  Figures  1  and  2  we  show  the  PDFs  of  the  streamwise  velocity  increments 
respectively  at  y'^  =218  and  y+=15,  for  different  values  of  the  separation  dis¬ 
tance  (variations  in  time  are  converted  into  space  variations  with  the  Taylor 
hypothesis).  The  PDF  continually  changes  its  character  as  the  separation  /•+ 
varies:  from  a  nearly  Gaussian  curve,  when  ?•+  is  comparable  to  the  integral 
scale,  to  some  curve  with  wider  tails  for  smaller  7''^.  The  behavior  of  the  PDF 
at  y+=15  (Fig.  2)  is  strongly  asymmetric  for  small  ?■+:  the  left  tail  becomes 
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Figure  1:  PDF  of  the  streamwise  velocity  difference  at  y'^=218. 
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Figure  2:  PDF  of  the  streamwise  velocity  difference  at  y+  =  15. 

wider  with  respect  to  the  right  one.  In  order  to  quantitatively  investigate  on 
this  asymmetry  we  consider  the  “  plus  and  minus  structure  function  ”  defined 
as  [5]: 

n  V 

^p{'f’)=<  -(|A?i,.|  ±  Aw,.)  >,  (1) 

where  Aw.,.  =  u{x  +  r)  -  u(x).  We  used  the  extended  self  similarity  (ESS)  [6]  in 
order  to  compute  the  local  slopes  of  the  plus  and  minus  increments.  In  Figures 
3  and  4  we  consider  respectively  the  ESS  local  slopes,  dS^  jdS-^  and  dSf  /dS^ , 
at  different  distances  from  the  wall,  in  the  buffer  layer  (?/+  =  7,10,15,28  and 
35)  and  in  the  higher  log  region  {y+  =  218  and  310).  It  is  evident  from  Fig. 
3  the  diff’erent  behavior  of  the  slope  in  the  two  regions:  while  in  the  log  layer 
the  values  of  the  slope  are  almost  constant  and  consistent  with  the  one  of  the 
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homogeneous  isotropic  turbulence  {dS^fdSs  =  1.28),  in  the  buffer  layer  the 
values  of  dS^ /dS^  are  always  lower  and  weakly  dependent  on  the  separation 
r'^.  For  the  plus  structure  function  (Fig.4)  the  slope  dSf  /dS^ ,  for  all  distances 
from  the  wall,  seems  to  collapse  on  a  single  curve  characterized  by  an  almost 
constant  value  comprised  between  1.25  to  1.28. 


Figure  3:  ESS  local  slope  for  the  minus  structure  function  at  different  y'^. 


Figure  4:  ESS  local  slope  for  the  plus  structure  function  at  different  i/+. 


Summarizing,  the  main  result  shown  here  is  that,  while  the  relative  local 
slope  for  the  minus  structure  function  is  a  function  of  y'^  and  is  in  agreement 
with  the  value  of  the  scaling  exponent  of  the  full  structure  function  (see,  e.g. 
[1]),  the  plus  structure  function  seems  to  be  much  less  affected  by  the  presence 
of  the  wall.  An  interpretation  of  these  experimental  results  in  terms  of  simple 
phenomenological  model  of  wall  bounded  flows  will  be  given  in  the  next  section. 
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3  Discussion 

It  is  well  known  that  the  buffer  region  is  populated  elongated  structures 
{high  and  loiu  speed  streaks)  characterized  b}^  high  and  low  velocities  with  re¬ 
spect  to  the  mean  flow.  The  “head”  and  the  “tail”  of  a  low  speed  streak  exhibit 
respectively  positive  and  negative  longitudinal  velocity  gradients  (strong  stream- 
wise  velocity  gradients  are  also  present  whenever  the  streaks  are  not  perfectly 
straight).  Due  to  the  differences  of  velocity  between  the  mean  flow  and  the 
streaks,  the  highest  longitudinal  velocity  gradients  occur  presumably  more  often 
at  the  tail  of  the  low  speed  streak  where  du/dx  <  0.  An  analogous  argument  can 
be  applied  to  high  speed  streaks:  in  this  case  the  highest  gradients  are  always 
negative  but  now  are  located  at  the  head  of  the  structure.  As  a  consequence, 
for  small  ?•+,  higher  negative  velocity  differences  are  more  probable  to  occur 
with  respect  to  the  positive  ones,  giving  rise  to  the  skewed  PDF  (Fig.  2)  and 
to  the  different  behavior  of  the  relative  slopes  of  the  plus  and  minus  structure 
functions  (  Fig.  3  and  4).  Outside  the  buffer  region  the  streaky  structure  is 
weakened  rendering  the  statistics  of  the  !  velocity  differences  more  similar  to 
the  homogeneous  and  isotropic  flow.  These  results  confirm  our  previous  findings 

[1]  that  the  intermittency  is  affected  by  the  wall  structures  dynamics. 
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1  Introduction 

The  paper  discusses  the  structural  properties  of  the  fields  obtained  with  the 
Fourier  and  Wavelet  filtering  methods.  In  turbulence  modeling  these  methods 
are  used  to  split  the  turbulent  field  into  the  resolved  part,  which  is  computed 
deterministically,  and  the  unresolved  part  whose  average  eflect  is  accounted  for 
by  some  model.  The  Fourier  filtering  is  based  on  the  separation  between  low 
and  high  wavenumber  modes  and  is  characterized  by  a  given  cut-off  wavenum¬ 
ber.  This  classical  approach  relies  on  the  assumption  of  scale-separability  of  the 
turbulent  flow  dynamics.  The  validity  of  this  hypothesis  is  still  debated  and  in 
the  present  work  we  propose  and  analyze  a  different  method  of  filtering  which  no 
longer  requires  this  assumption.  By  means  of  nonlinear  wavelet  filtering  (see  [1], 
[2])  we  separate  the  field  into  the  coherent  and  incoherent  parts  corresponding 
to  strong  and  weak  wavelet  coefficients,  respectively.  Both  components  are  mul¬ 
tiscale,  but  exhibit  distinct  statistical  behaviors.  The  coherent  contribution  cor¬ 
responds  to  localized  vortices  which  are  characterized  by  non-Gaussian  voiticity 
PDFs  and  long-range  correlations.  On  the  other  hand,  the  incoherent  contribu¬ 
tion  corresponds  to  filamentary  debris  which  exhibit  Gaussian  vorticity  PDFs 
and  short-range  correlations  [2].  In  2D  the  wavelet  filtering  method  consists  in 
projecting  the  vorticity  field  tv  onto  a  two-dimensional  orthogonal  wavelet  basis 
spanned  by  the  wavelets  with  the  multi-index  A  characterizing  the  scale. 
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position  and  direction  of  each  basis  function  [1],  and  reconstructing  the  coher¬ 
ent  vorticity  field  taking  only  the  wavelet  coefficients  with  absolute  value  larger 
than  ut  =  (2-^logiQ  This  threshold  in  wavelet  space  depends  only  on 

the  total  enstrophy  Z,  which  is  the  L'^-norm  of  vorticity,  and  on  the  resolution 
N,  without  any  ad  hoc  adjustable  parameter.  In  the  Large  Eddy  Simulation 
(LES)  method  the  resolved  components  are  the  low  wavenumber  modes,  while 
for  the  Coherent  Vortex  Simulation  (CVS)  method  (see  [2])  the  coherent  modes 
are  resolved.  The  unresolved  parts  correspond  to  the  high  wavenumber  in  the 
LES  method  and  the  incoherent  modes  in  the  CVS  method,  respectively. 

The  objective  of  the  present  paper  is  to  compare  the  two  filtering  methods 
in  terms  of  the  dynamical  passivity  of  the  unresolved  modes.  In  this  we  focus  on 
the  structural  properties  of  the  resolved  and  unresolved  parts  and  their  mutual 
interaction.  We  examine  the  geometrical  statistics  (see  e.g.  [3],  [4],  [5])  to 
analyze  the  dynamical  and  structural  properties  of  the  filtered  fields.  In  the 
context  of  2D  turbulence  the  issue  of  central  interest  is  the  interaction  of  thin, 
elongated  filaments  with  the  strain  field  generated  by  the  coherent  vortices.  The 
unresolved  part  can  be  regarded  as  dynamically  passive  as  long  as  its  evolution 
is  constrained  by  the  resolved  part.  In  this  case  the  unresolved  part  follows  the 
strain  field  of  the  resolved  part  which  is  reflected  in  the  alignment  properties  of 
the  vorticity  gradient  with  the  corresponding  rate  of  strain.  As  shown  in  [6], 
this  phenomenon  is  described  by  evolution  of  vorticity  gradients  Vcj.  Using 
the  Weiss  criterion,  it  can  be  shown  (see  [7])  that  in  the  hyperbolic  (i.e.  strain 
dominated)  parts  of  the  flow  the  dynamics  of  vorticity  gradient  is  determined  by 
the  angle  between  Vw  and  the  compressing  eigenvector  d2  of  the  rate  of  strain 
tensor.  Vorticity  gradients  are  steepened  by  the  strain  field  when  they  lie  within 
the  range  of  j  from  d2,  and  are  suppressed  otherwise. 


2  Results 

In  [7]  it  was  shown  that  2D  forced  turbulence  exhibits,  in  the  mean,  preferential 
alignment  of  the  vorticity  gradient  with  the  principal  direction  of  compression 
d2.  Magnitude  of  this  alignment  was  shown  to  depend  on  the  Reynolds  number 
and  the  dissipation  model  (Newtonian  or  hyperviscous).  Herein  we  use  the  same 
diagnostics  to  explore  the  internal  structure  of  the  vorticity  fields  obtained  with 
the  two  different  filtering  methods.  We  analyze  2D  vorticity  fields  at  resolu¬ 
tion  256'^  obtained  from  the  solution  of  the  incompressible  Navier-Stokes  system 
in  a  box  with  periodic  boundary  conditions  and  Fourier  space  forcing  at  the 
wavenumber  ki  =  4  (see  [2]  for  details).  For  both  filtering  methods  the  split 
was  made  so  that  the  resolved  part  contains  0.7%  of  the  total  number  of  modes. 
In  the  case  of  the  Fourier  filtering  (FF)  we  consider  the  alignment  property  ob¬ 
served  in  the  fields  corresponding  to  high  wavenumbers  (FH),  low  wavenumbers 
(FL)  and  the  cross-alignments  between  vorticity  gradients  in  the  high-pass  fil¬ 
tered  field  and  the  strain  related  to  the  low  wavenumbers  (FHvsL).  Similarly, 
for  the  case  of  the  Wavelet  filtering  (WF)  we  analyze  the  alignments  in  the  co- 
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A  -  Resolved  Part  (256') 


B  -  Unresolved  Part  (256") 


ani!lc(Vw,di) 


Resolved  ->  Unresolved  {256‘) 


angle!  Vw.d,) 


angle!  Vw.tU) 


Figure  1:  PDF’s  of  the  alignment  angle  a  in  the  resolved  part  of  the  flow  (A  - 
top  left),  the  unresolved  part  (B  -  top  right),  and  between  the  vorticity  gradient 
of  the  unresolved  part  and  the  strain  field  of  the  resolved  part  (C  -  bottom). 


herent  part  (WC),  the  background  part  (WB)  and  the  cross-alignments  for  the 
background  part  against  the  strain  field  induced  by  the  coherent  part  (WBvsC). 
We  also  provide  results  concerning  the  basic  field  which  was  analyzed  (B). 

Interesting  information  is  revealed  by  the  PDF’s  of  the  alignment  angle  a 
computed  for  the  different  fields.  In  Fig.  lA  we  show  the  PDFs  of  the  alignment 
angle  in  the  resolved  parts,  i.e.  for  the  Fourier  Low-pass  filtered  field  (FL), 
the  Wavelet- Coherent  field  (WC)  and,  for  comparison,  the  basic  field  (B).  We 
see  that  the  PDF  corresponding  to  Wavelet  filtering  follows  more  closely  that 
of  the  basic  field.  This  implies  that  Fourier  filtering  removes  some  structural 
information  from  the  field.  Now  we  turn  to  the  analysis  of  the  unresolved  parts 
obtained  with  the  two  methods  of  filtering.  In  Fig.  IB  we  present  the  PDFs  of 
the  alignment  angle  for  the  the  Fourier  High-pass  filtered  field  (FH),  the  Wavelet- 
Background  field  (WB)  and  the  basic  field  (B)  for  reference.  The  first  two  PDFs 
have  bumps  around  the  angle  j.  They  correspond  to  the  idealized  situation 
when  a  single  vorticity  filament  is  embedded  in  its  own  strain  field.  Then  the 
principal  directions  of  strain  are  always  at  the  angle  of  j  with  respect  to  the 
filament  axis.  Nevertheless,  the  PDF  of  the  Wavelet  filtered  field  is  significantly 
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closer  to  the  uniform  distribution  which  implies  that  it  is  more  structureless  than 
the  Fourier  filtered  field.  Flat  PDF  is  what  one  would  expect  of  a  completely 
random  field  and  this  result  suggests  that  the  Fourier-filtered  field  still  contains 
some  structurally  important  information.  Next  we  go  on  to  the  analysis  of  the 
cro55-alignment  PDFs.  In  Fig.  1C  we  show  that  the  alignment  angle  a  between 
vorticity  gradient  of  the  unresolved  parts  (i.e.  Fourier  High-pass  filtered  and 
Wavelet-Background  fields)  and  the  strain  field  of  the  resolved  parts  (i.e.  Fourier 
Low-pass  filtered  and  Wavelet- Coherent  fields).  Good  agreement  is  observed  for 
angles  corresponding  to  suppression  of  vorticity  gradients.  Conversely,  in  the 
range  of  angles  corresponding  to  amplification  agreement  is  worse,  with  Wavelet 
filtering  resulting  in  stronger  alignment  than  in  the  basic  field.  The  meaning  of 
this  is  an  open  question  and  analysis  of  fields  at  higher  resolution  is  necessary 
to  clarify  this  issue. 

3  Conclusions 

In  this  work  we  apply  the  concept  of  geometrical  statistics  to  quantify  the  ef¬ 
ficiency  of  the  Fourier  and  Wavelet  filtering  methods.  The  preliminary  results 
shown  here  imply  that  the  two  methods  give  comparable  results.  The  unresolved 
part  is  more  structureless  in  the  case  of  the  Wavelet  filter,  the  cross-alignments 
however  show  that  the  unresolved  part  aligns  more  closely  with  the  strain  field 
of  the  resolved  part  in  the  case  of  the  Fourier  filtering.  In  order  to  get  further 
insight  into  these  phenomena  fields  at  higher  resolution  need  to  be  analyzed. 
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1  Introduction 

The  importance  and  the  role  of  coherent  structures  (coherent  vorticity  tubes)  in 
three-dimensional  turbulence  have  been  established  largely  by  high  resolution 
numerical  simulations,  e.g.  in  [5].  In  the  past  we  have  developed  a  wavelet 
method  to  extract  coherent  vortices  in  two-dimensional  turbulent  flows  [2,  3],  at 
which  the  remaining  background  flow  exhibits  Gaussian  statistics.  In  this  paper 
we  propose  a  new  wavelet  based  method  to  seperate  three-dimensional  flows  into 
an  organized  part,  corresponding  to  the  coherent  vorticity  tubes,  and  a  random 
part,  corresponding  to  the  incoherent  background  flow. 


2  Vortex  tube  extraction 

As  an  example  we  consider  DNS  data  of  statistically  stationary  three-dimensional 
homogenous  and  isotropic  turbulence.  The  flow  has  been  computed  by  Meneguzzi 
k  Vincent  [5]  using  a  pseudo-spectral  scheme  with  resolution  N  =  240^  corre¬ 
sponding  to  a  microscale  Reynolds  number  of  150.  We  project  each  component 
of  the  vorticity  vector  fleid  uj  onto  a  three-dimensional  orthogonal  wavelet  ba¬ 
sis.  Then  we  reconstruct  the  coherent  vorticity  field  (uJc)  from  those  wavelet 
coefficients  for  which  the  modulus  of  the  wavelet  coefficient  vector  is  larger  than 
(2Zlogio  (where  ^  denotes  the  total  enstrophy  and  N  the  number  of  grid 

points),  while  the  incoherent  background  flow  (cu/)  is  reconstructed  from  the 
weak  coefficients.  We  find  that  only  3%  of  the  coefficients  represent  the  coher¬ 
ent  vortex  tubes  (cf.  Fig.  1)  and  retain  73%  of  enstrophy.  The  remaining  97%  of 
the  coefficients  represent  the  unorganized  background  flow  (cf.  Fig.  2)  containing 
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27%  of  the  enstrophy,  which  is  quasi-homogeneous.  The  energy  spectra  (  Fig.  3) 
show  that  both  components  {coc  and  ujj)  are  multiscale,  although  the  coherent 
part  only  differs  at  high  wavenumbers  from  the  original  field  (cu),  which  confirms 
the  fact  that  vorticity  tubes  are  multiscale.  We  also  observe  that  the  coherent 
part,  as  well  as  the  total  flow,  are  long-range  correlated,  while  the  incoherent 
part  is  on  the  contrary  short-range  correlated.  The  PDF  of  vorticity  (Fig.  4)  for 
the  coherent  part  is  very  similar  to  the  original  PDF,  which  confirms  the  fact 
that  most  of  the  statistical  information  is  preserved  by  the  wavelet  filtering.  The 
PDF  of  the  background  field  is  not  exactly  Gaussian  as  in  the  two-dimensional 
case,  however  its  variance  is  strongly  reduced. 


^  ^ 


Figure  1:  Isosurfaces  of  coherent  vorticity  field  ljc  reconstructed 
from  3%  of  the  wavelet  coefficients.  Note  that  the  coherent  vor¬ 
ticity  is  nearly  indistinguishable  from  the  orginal  field  cj. 
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Figure  2:  Isosurfaces  of  background  vorticity  cu/  reconstructed 
from  97%  of  the  wavelet  coefficients. 

3  Conclusions 

The  motivation  for  the  above  approach  is  the  development  of  a  new  turbu¬ 
lence  model,  called  Coherent  Vortex  Simulation  (CVS)  [3],  for  simulating  fully- 
developed  turbulent  flows.  Therein  the  evolution  of  the  coherent  vorticity  tubes 
is  calculated  in  an  adaptive  wavelet  basis,  which  dynamically  adjusts  to  the  flow 
evolution,  while  the  influence  of  the  incoherent  background  flow  onto  the  coher¬ 
ent  vortices  is  statistically  modelled.  This  has  been  applied  for  two-dimensional 
turbulent  flows  and  is  currently  being  extended  for  three-dimensional  turbulent 
flows.  In  contrast  to  classical  turbulence  models,  the  CVS  method  ensures  that 
the  incoherent  background  flow  is  actually  quasi-homogeneous,  quasi-Gaussian 
and  short-range  correlated,  hence  its  effect  onto  the  coherent  part  can  be  more 
easily  taken  into  account  by  the  turbulence  model. 
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Figure  3:  Energy  spectra  of  the  total  Figure  4:  Pdf  of  vorticity  of  the  total 
field  w,  of  the  coherent  field  uc  and  of  field  w,  of  the  coherent  field  wc  and  of 
the  background  field  a)/.  the  background  field  cu/. 
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1  Introduction 

Significant  attention  has  been  given  to  the  evolution  of  various  characteristics 
of  turbulent  velocity  and  scalar  fields  with  Ra,  the  Taylor  microscale  Reynolds 
number.  The  major  impetus  for  this  was  the  refined  hypothesis  of  Kolmogorov  [1]. 
Wyngaard  &  Pao  [2]  noted  that  the  measured  pdf  and  spectra  of  dujdx,  where 
u  is  the  velocity  fluctuation  in  the  streamwise  (.t)  direction,  depended  on  Rx  in 
ways  consistent  with  this  hypothesis.  A  compilation  of  the  dependence  on  Rx 
of  the  low-order  normalised  moments  of  du/dx  was  presented  in  [3],  where  the 
predictions,  based  on  different  vortical  models,  were  also  reviewed.  The  advent 
of  direct  numerical  simulations  has  provided  information  about  the  shape  of  the 
intense  vortical  structures  and  their  dependence  on  Rx  [4].  Recently,  the  Rx 
dependence  of  low-order  moments  of  the  longitudinal  and  transverse  velocity 
structure  functions  was  investigated  for  a  wide  range  of  flows,  Reynolds  num¬ 
bers  and  separations,  r  [5].  The  Kolmogorov-normalised  moments  exhibited  a 
significant  dependence  on  Rx-  There  was  also  strong  evidence  that  the  moments 
were  flow  dependent  and,  in  any  particular  flow,  location-dependent  in  the  plane 
of  mean  shear.  The  present  paper  is  an  attempt  to  extend  the  study  to  flow  and 
Rx  dependencies  of  the  vorticity  characteristics.  Specifically,  we  present  statis¬ 
tics  of  the  transverse  vorticity  component,  cj-,  in  three  flows,  i.e.  decaying  grid 
turbulence  (Rx  =  30  -  100),  the  centreline  of  the  2-D  wake  of  a  circular  cylinder 
(Rx  =  40  -  230)  and  of  a  plane  jet  (Rx  =  550  -  1000). 

2  Experimental  Details 

Measurements  in  grid  and  wake  turbulence  were  carried  out  in  the  same  blower 
type  open-circuit  wind  tunnel.  Details  of  the  experimental  facility  for  grid  tur¬ 
bulence  can  be  found  in  [6].  Four  kinds  of  cylinders  of  diameters  6.35  mm  to 
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24.5  mm  were  used  to  generate  the  wake  turbulence  [7].  Measurements  in  the 
plane  jet  were  carried  out  at  a  distance  of  36/i  downstream  from  the  exit,  where 
the  flow  is  approximately  self-preserving  [5]. 

A  1-component  vorticity  probe,  consisting  of  one  X-wire  straddled  by  a  pair 
of  parallel  hot  wires,  was  used  to  measure  cj-.  A  3-component  (four  X-wires) 
vorticity  probe  was  also  used  in  grid  {Rx  =  50)  [8]  and  wake  (Rx  =  40)  flows  [9]. 
The  separation  between  the  two  parallel  wires  of  the  1-component  probe  is  about 
2  —  477  while,  for  the  3-component  probe,  the  separation  of  the  opposite  X-wires, 
which  lie  either  in  the  x  —  y  plane  ov  x  —  z  plane,  is  about  4  -  577.  The  signals 
from  the  anemometers  were  low-pass  filtered  at  a  cut-off  frequency  fc  close  to 
the  Kolmogorov  frequency,  /k  =  U/^in-}.  The  sampling  frequency  was  set  at  2/c 
with  a  record  duration  of  60-300  s. 

Grid  turbulence  provides  an  important  calibration  of  the  measurement  since 
both  {u^)  (angular  brackedts  denote  time  averaging)  and  its  streamwise  decay 
can  be  determined  with  relatively  good  accuracy.  The  streamwise  decay  of  the 
turbulent  energy  ((/^)  yielded  a  value  of  (oj^)  within  10%  of  that  directly  esti¬ 
mated  from  the  3-component  vorticity  probe  [8]. 


3  Results  and  Discussion 

The  Kolmogorov- normalised  mean  square  values  of  tx,  u  and  a;-  are  shown  in 
Figure  1,  an  asterisk  denoting  normalisation  by  Kolmogorov  length  scale  77 
and/or  velocity  scale  uk.  Both  {u*‘^)  and  {v*'^)  exhibit  a  linear  increase  with 
respect  to  Rx-  This  is  consistent  with  the  assumption  of  local  isotropy  (LI), 
i.e.  (e)  =  lhiy{{dii/dx)'^).  The  Rx  dependence  of  {u*'^)  follows  from  {u*'^)  = 

The  data  in  Figure  1  are  in  close  agree¬ 
ment  with  this  result.  For  we  have  {v*^)  =  (('<;^)/(u^))77a/15^'^^.  The 

data  for  any  given  flow  also  show  a  linear  dependence  on  Rx  but  this 
cannot  be  universal  since  the  ratio  {v^)/{u^),  which  represents  a  measure  of  the 
global  (large  scale)  anisotropy,  varies  from  flow  to  flow.  In  particular,  this  ratio 
is  much  closer  to  1  in  the  wake  than  in  the  other  two  flows.  If  the  turbulence 
is  homogeneous,  (e)  =  and  =  1,  independently  of  Rx-  For  LI, 

(ul)  -  {uj'y)  =  (cj^),  so  that  (o;!'-^)  1/3.  The  present  values  of  (w!^)  (Figure 

1)  confirm  closely  with  this  (the  average  value  is  estimated  to  be  0.36  ±  0.04). 
Checks  of  LI  have  been  made  in  the  three  flows,  grid  and  wake  turbulence  show¬ 
ing  closer  agreement  with  LI;  for  these  flows,  the  measured  spectra  (Figure  2) 
of  w-K,  ujy  and  lj-  agree  quite  well  with  calculations  based  on  isotropy  [8]. 

The  pdfs  of  a;-,  ,  when  normalised  in  the  usual  way,  i.e.  p{uj-/ujL)  vs 

(the  prime  denotes  the  rms  value),  evolve  with  Rx  in  a  manner  similar  to  that 
previously  reported,  for  example,  iov  p[{du/dx)/{d'a/dxy].  As  Rx  increases,  the 
tails  of  the  pdfs  tend  to  spread  out  further  whereas  near  the  origin,  the  shape 
contracts  and  the  amplitude  increases.  The  previous  behaviour  seems  unaffected 
when  the  pdf  is  Kolmogorov-normalised  (Figure  3).  The  area  under  each  curve 
remains  equal  to  1  but  there  is  no  range  of  cu*  over  which  the  three  distributions 
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Figure  1:  Dependence  of  {v*^) 

and  on  R^.  Grid  :  V.  Wake  ;  o. 
Jet  :  A.  Open  symbols  are  for 
filled  symbols  are  for  half-filled 

symbols  are  for 


Figure  3:  Kolmogorov-normalized  pdf 

of  cj-.  — ,  grid  {Rx  =  27); - ,  wake 

(60); - — ,  jet  (550);  — ,  Gaussian 

distribution. 


Figure  2:  Comparison  of  measured  and 
calculated  spectra  of  Uy  and  uJz  in 
grid  turbulence.  Measured  :  — ,  ;  - 

-  ; - .  ■  Calculated  :  —  - 

-  — .  .  4’L,  or  C.- 


Figure  4:  Kolmogorov-normalized 

spectra  of  u-  weighted  by  A;J. - , 

grid  {Rx  =  27);  -  wake  (60);  — jet 
(550). 


of  p{ujI)  collapse. 

The  distributions  of  Figure  4  show  a  peak  near  kl  ~  0.2,  as 

previously  noted  in  both  numerical  [10]  and  experimental  studies  [11],  possibly 
indicating  that  the  most  energetic  vortices  have  a  diameter  of  about  hr}.  The 
magnitude  of  the  peak  is  about  30%  smaller  in  the  plane  jet  than  in  either  the 
grid  or  wake  flows.  We  suspect  that  the  jet  peak  may  have  been  afiected  by  a 
spurious  increase  in  (j)lj_{k\)  low  wavenumbers.  Since  the  contribution  from 
dvjdx  in  the  low  wavenumber  region  is  small,  the  increase  of  in  this  region 
mainly  reflects  the  contribution  from  dujdy.  We  verified  that  the  increase  is  not 
a  spurious  artefact  of  the  use  of  the  vorticity  probe  since  the  spectrum 
agrees  quite  well  with  that  obtained  using  only  a  pair  of  parallel  wires  for  which 
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the  flow  interference  was  deemed  negligible.  (It  should  also  be  noted  that  the 
vorticity  probe  and  a  single  X-wire  probe  yielded  essentially  the  same  v  spectra). 
We  cannot  discount  a  possibility  of  the  low  wavenumber  distortion  caused  by  the 
fact  that  the  wall  and  ceiling  of  the  laboratory  were  only  about  two  half  widths 
of  the  jet  away  from  the  centreline.  Notwithstanding  this  discrepancy,  there  are 
discernible  differences  between  flows,  in  terms  of  the  shape  of  the  distributions. 
It  would  obviously  be  desirable  to  compare  vorticity  statistics  for  the  three  flows 
at  the  same  R^.  Unfortunately,  there  is  no  overlap  in  R^  between  the  jet  and 
wake  but  a  comparison  can  be  made  between  the  wake  and  grid  turbulence  at 
R,\  ^  60.  The  distributions  in  the  wake  and  grid  turbulence  exhibit  differences  : 
there  is  more  energy  contribution  to  (k^)  at  low  wavenumbers  in  the  wake 

than  in  the  grid.  We  have  checked  that  these  differences  appear  to  be  more 
important  than  those  arising  through  a  variation  of  R\  in  a  particular  flow.  A 
possible  implication  is  that  there  arc  morphological  differences  in  the  fine  scale 
structure  between  the  three  flows.  A  more  likel}'’  possibility  is  that  the  influence 
of  the  large  scale  motion  on  the  vorticity  spectrum  may  not  be  discounted,  at 
least  in  the  case  of  the  jet  and  wake.  The  features  of  the  organised  large  scale 
motion  are  well  documented  for  these  two  flows.  The  frequency  corresponding 
to  this  motion  has  been  identified  in  the  present  jet  and  wake  r;-spectra. 

4  Conclusion 

The  present  study  suggests  that  Kolmogorov-normalized  pdfs  and  spectra  of  the 
spanwise  vorticity  fluctuations  appear  to  be  more  dependent  on  the  nature  of 
the  flow  than  on  Rj\. 

The  support  of  the  Australian  Research  Council  is  gratefully  acknowledged. 
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The  discovery  of  concentrated  vorticity  filaments  in  turbulent  flows  and  their 
possible  connection  to  fundamental  properties  of  turbulence  has  renewed  the 
interest  in  vortex  dynamics.  Direct  numerical  simulations  suggest  that  filaments 
resemble  Burgers  vortices.  In  order  to  understand  the  dynamical  properties  of 
filaments,  it  is  then  natural  to  construct  and  analyse  asymptotic  solutions  close 
to  this  model.  In  this  framework,  Adoffatt  et  al.  [1]  (hereafter  referred  to  as 
MKO)  recently  extended  the  Burgers  model  to  account  for  a  non-axisymmetric 
correction  generated  by  a  stationary  external  strain  field.  In  this  talk,  MKO 
analysis  will  be  generalized  by  considering  a  vortex  subject  to  an  external  strain 
field  rotating  around  the  vortex  axis.  This  extension  is  needed  in  practice  as 
the  external  strain  field  of  a  given  vortex  is  generally  created  by  other  vortices 
rotating  around  it  due  to  their  mutual  interactions.  The  main  objective  is  to 
understand  in  which  conditions  the  vortex  can  deform  to  remain  in  equilibrium 
with  the  external  field  and  to  analyse  the  main  characteristics  of  the  equilibrium 
state  [2]. 

The  vorticity  maximum  and  the  radius  of  Burgers  vortex  are  used  to  non- 
dimensionalized  time  and  spatial  variables,  such  that  the  problem  depends  on 
three  parameters:  the  strain  rate  e  of  the  external  field,  its  angular  frequency 
ft  and  the  Reynolds  number  Re  =  Ijv  (u  being  the  kinematic  viscosity).  The 
analysis  is  performed  in  the  limit  of  small  e  and  large  Reynolds  numbers. 

The  results  can  be  summarized  as  follows.  When  D  is  not  in  the  range  of  the 
angular  velocity  of  the  vortex,  i.  e.  fi  <  0  or  fl  >  1/2,  a  stationary  equilibrium, 
which  does  not  depend  on  the  Reynolds  number  (if  sufficiently  large)  is  shown 
to  exist.  As  in  MKO,  the  correction  to  Burgers  vortex  is  governed  by  a  linear 
inviscid  equation.  When  0  <  D  <  1/2,  the  vortex  correction  has  a  different 
structure,  which  strongly  depends  on  the  Reynolds  number.  The  main  difference 
is  due  to  the  presence  of  a  critical  point  singularity  at  the  radial  location  where 
the  local  angular  velocity  of  the  vortex  equals  the  angular  frequency  of  the  strain. 
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This  singularity  is  smoothed  by  introducing  higher  order  effects  such  as  viscosity 
or  nonlinearity.  The  nature  of  the  critical  layer,  which  depends  on  the  parameter 
h  =  I /{Re  is  found  to  govern  the  entire  structure  of  the  correction.  Figure 

1  shows  the  streamlines  in  the  vortex  core  for  the  two  extreme  values  of  h  and 
a  fixed  value  of  H.  Note  that  the  elliptic  vortex  core  is  oriented  at  45  degrees 
with  respect  to  the  direction  of  external  stretching  in  the  nonlinear  case  but  not 
in  the  viscous  case. 

It  is  also  worth  mentioning  that  the  critical  point  singularity  implies  that 
the  vorticity  correction  is  much  larger  than  the  strain  field  that  has  generated  it. 
Its  maximum  scales  as  cj^ax  =  Fy{Q>)Re^^^e  in  the  viscous  regime  {h  >  1),  and 
Winax  =  Fni{^)y/£  in  the  nonlinear  regime  {h  1).  The  variations  of  Ev{0,)  and 
Fai{0,)  are  displayed  in  Fig.  2.  In  the  viscous  regime,  the  results  are  in  good 
agreement  with  the  viscous  numerical  simulations  by  Lingevitch  &  Bernoff  [3]. 
In  the  nonlinear  regime,  the  vorticity  maximum  of  the  equilibrium  solution  blows 
up  for  a  particular  frequency  0.16.  This  breakdown  could  be  the  signature 

of  a  strongly  time-dependent  response  of  the  vortex  to  the  external  strain.  Our 
conjecture  is  that,  for  this  particular  frequency,  inertial  waves  would  have  to 
be  generated  to  avoid  vorticity  blow  up.  These  waves  are  associated  with  the 
spiral  wind-up  of  vorticity  [4]  which  has  been  observed  in  both  experiments  and 
numerical  simulations  [5],  particularly  during  vortex  interactions  before  merging. 
The  existence  of  an  angular  frequency  for  which  the  vortex  breaks  down  would 
provide  a  simple  explanation  for  the  spontaneous  spiral  wind-up  of  vorticity 
leading  to  vortex  merging. 
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Figure  1:  Streamlines  of  the  strained  Burgers  vortex  in  a  co- rotating  frame  for 
Q  =  0.2  and  e  =  0.01.  The  arrows  indicate  the  principal  directions  of  the 
external  strain  field,  (a)  Viscous  critical  layer  regime  {h  ^  1),  (b)  Nonlinear 
critical  layer  regime  (h  1). 
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1  Abstract 

The  paper  reviews  the  recent  theoretical  studies  of  the  author  and  co-workers 
on  the  axisymmetric  vortex  breakdown  phenomenon.  The  theory  is  built  of  a 
global  analysis  of  the  steady  Euler  equations  which  describe  the  motion  of  an 
axisymmetric  and  inviscid  swirling  flow  in  a  pipe  and  of  linear  stability  analyses 
of  the  various  steady-state  solutions.  Asymptotic  studies  are  also  used  to  explore 
the  effects  of  viscosity,  pipe  divergence,  and  inlet  vorticity  perturbations  on  the 
flow  behavior.  It  is  shown  that  the  present  study  provides  a  consistent  explana¬ 
tion  of  the  physical  mechanism  leading  to  the  axisymmetric  vortex  breakdown 
phenomenon  as  well  as  the  conditions  for  its  occurrence.  Calculations  of  the 
breakdown  conditions  of  various  vortices  in  a  pipe  as  well  as  of  the  leading-edge 
vortices  above  slender  delta  wings  are  also  summarized. 


2  Introduction 


Vortex  breakdown  is  a  remarkable  phenomenon  in  fluid  dynamics  which  is  re¬ 
ferred  to  the  abrupt  change  in  structure  that  suddenly  occurs  in  vortex  flows 
with  an  axial  flow  component  and  where  the  swirl  level  is  high.  It  is  usually 
characterized  by  a  sudden  deceleration  of  the  axial  flow  over  a  relatively  short 
distance  and  the  formation  of  a  free  stagnation  point  in  the  flow,  followed  by 
a  large  separation  zone  and  turbulence  behind  it.  Several  breakdown  patterns 
have  been  observed,  ranging  from  asymmetric  spiral  waves  to  almost  axisym¬ 
metric  disturbances.  Controlling  the  vortex  breakdown  phenomena  may  have 
applications  in  the  aeronautical  and  mechanical  engineering  technologies  of  high 
angles  of  attack  aerodynamics,  combustion  chambers,  hydrocyclone  separators, 
and  chemical  mixing  processes. 
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The  scientific  interest  to  explain  this  strongly  non-linear  phenomenon  has 
led  to  many  experimental,  numerical  and  theoretical  studies,  and  several  review 
papers  on  this  subject  have  been  presented,  including  the  reports  by  Hall  [1], 
Leibovich  [2,3],  Escudier  [4]  and  Sarpkaya  [5].  Although  there  has  been  an 
extensive  research,  these  phenomena  still  remain  largely  unexplained  as  to  their 
fundamental  nature  from  both  the  experimental  as  well  as  the  theoretical  stand 
points. 

This  paper  concentrates  on  the  axisymmetric  hreakdown  phenomenon  in  a 
swirling  flow  in  a  streamtube.  The  various  theoretical  analyses  and  numeri¬ 
cal  computations  of  this  phenomenon  suggested  several  explanations  of  vortex 
breakdown.  However,  a  consistent  description  of  this  complicated  phenomenon 
has  not  been  provided.  Also,  it  is  found  that  the  relations  between  the  various 
theoretical  and  numerical  solutions  is  not  fully  clear. 

This  paper  presents  a  review  of  the  recent  work  of  the  author  and  co-authors 
on  this  topic  [6-14].  The  present  study  provides  a  consistent  explanation  of  the 
physical  mechanism  leading  to  the  axisymmetric  vortex  breakdown  phenomenon 
as  well  as  the  conditions  for  its  occurrence. 


3  Summary  of  Recent  Theoretical  Studies 


The  approach  of  Wang  and  Rusak  [6]  -  [14]  is  based  on  a  rigorous  study  of 
the  dynamics  of  swirling  flows  in  a  finite-length  streamtube  as  described  by  the 
axisymmetric  and  unsteady  Navier-Stokes  equations.  Certain  boundary  condi¬ 
tions  that  may  reflect  the  physical  situation  in  the  experiments  are  used.  In  the 
inviscid  flow  limit,  the  analysis  studies  the  growth  rate  of  an  initial  perturbation 
as  it  relates  to  the  special  stability  characteristics  found  by  Wang  and  Rusak 
[7, 8]  as  well  as  the  relation  of  the  flow  time- asymptotic  behavior  to  steady-state 
solutions  [6].  It  is  found  that  there  exist  two  critical  swirl  ratios  of  the  incom¬ 
ing  flow  to  the  pipe,  cjq  and  tui,  where  lvq  <  cji.  Columnar  flow^s  with  a  swirl 
ratio  less  than  the  threshold  level,  uJo,  are  unconditinally  stable  to  any  axisym¬ 
metric  disturbance.  In  the  range  luq  <  uj  <  coi  the  flow  may  evolve  into  one 
of  two  steady  states,  depending  on  the  size  of  the  initial  disturbances.  When 
disturbances  are  sufficiently  small  they  decay  in  time  and  the  flow  returns  to  be 
columnar  but,  when  disturbances  are  large,  they  grow  and  evolve  into  a  large 
and  steady,  semi-infinite  stagnation  zone,  similar  to  the  breakdown  states  found 
in  very  high  Reynolds  number  flows  [5].  When  uj  >  uji,  anj^  initial  disturbance 
grows  and  evolves  into  a  breakdown  zone. 

These  special  stability  characteristics  are  related  to  the  upstream  propagation 
of  both  small-  and  large-amplitude  disturbances  and  their  interaction  with  the 
flow  conditions  downstream  of  the  vortex  generator.  The  disturbances  tend  to 
propagate  upstream  with  a  speed  that  increases  with  cj.  When  u  <  uJi,  small 
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disturbances  are  convected  by  the  axial  flow  out  of  the  pipe  and  the  columnar 
flow  is,  therefore,  stable.  However,  when  u  >  toi,  small  disturbances  tend  to 
move  upstream.  Since  the  flow  out  of  the  vortex  generator  at  steady  operation 
is  fixed,  the  disturbances  cannot  move  through  it.  They  are  trapped,  grow,  and 
stabilize  as  a  large  and  steady  stagnation  zone.  These  large- amplitude  zones 
also  tend  to  grow  and  move  upstream  as  ca  changes.  However,  when  u  <  CjJq, 
they  are  convected  by  the  axial  flow  out  of  the  pipe  and  the  flow  returns  to  be 
columnar. 

These  results  clarify  the  mechanism  leading  to  the  axisymmetric  vortex  break¬ 
down  in  high  Reynolds  number  flows.  As  the  incoming  swirl  ratio  is  increased 
above  ujq,  and  is  near  or  above  cji,  the  columnar  vortex  loses  its  stability  to 
axisymmetric  disturbances  and  evolves  into  a  breakdown  state.  The  theory 
explains  the  sudden  and  abrupt  nature  of  the  process,  specifically  around  uq, 
where  a  large  separation  zone  may  suddenly  appear  in  the  flow  as  swirl  increases. 
It  also  clarifies  the  role  of  the  critical  state  at  oji  where  a  columnar  vortex  be¬ 
comes  unstable  as  swirl  increases,  and  that  at  loq  where  axisymmetric  breakdown 
states  become  unstable  as  swirl  decreases.  Therefore,  loq  is  a  threshold  level  for 
breakdown  states  and  cj  >  iljo  is  a  necessary  condition  for  a  steady  and  sta¬ 
ble  axisymmetric  breakdown,  u  >  cui  is  a  sufficient  condition  for  breakdown. 
The  numerical  studies  of  Rusak  et  al.  [9].  demonstrate  these  results  as  well  as 
describe  the  evolution  of  the  perturbations  to  breakdown  states. 

Analysis  of  the  effect  of  slight  viscosity  on  the  flow  dynamics  shows  [10] 
that  when  the  Reynolds  number  (Re)  is  sufficiently  high  the  inviscid  instabil¬ 
ity/transition  mechanism  is  dominant.  This  dynamical  behavior  matches  the 
Navier-Stokes  simulations  [15  -  18]  for  high  Reynolds  number  laminar  flows. 
The  establishment  of  long  and  nearly  stagnant  breakdown  zones  as  Re  increases 
is  also  found  in  the  simulations.  However,  when  Re  is  less  than  a  certain  value, 
both  the  analysis  [6]  and  the  simulations  [15-18]  show  that  the  instability  mech¬ 
anism  disappears  and  the  breakdown  develops  as  a  disturbance  that  gradually 
grows  with  the  increase  of  the  incoming  swirl  ratio.  Also,  the  simulations  [16] 
demonstrate  that  the  separation  zone  becomes  a  closed  bubble  with  an  inter¬ 
nal  flow  structure  as  Re  decreases,  similar  to  the  states  found  in  laminar  flow 
experiments  [2  —  5]. 

The  effects  of  an  adverse  pressure  gradient  and  of  inlet  vorticity  perturba¬ 
tions  on  the  vortex  flow  dynamics  show  [11, 12]  a  similar  behavior.  The  inviscid 
instability  mechanism  is  dominant  when  these  effects  are  small.  However,  above 
a  certain  limit  level,  these  effects  dominate  and  breakdown  develops  as  a  distur¬ 
bance  that  gradually  grows  with  the  increase  of  the  incoming  swirl  ratio.  The 
combined  effects  of  Re,  adverse  pressure,  and  vorticity  perturbations  can  also  be 
estimated  for  both  the  analysis  of  vortex  flows  or  the  control  of  the  breakdown 
phenomenon. 

Finally,  the  theoretical  approach  was  recently  applied  to  various  model  vor¬ 
tices  such  as  the  Burgers’  vortex,  the  Q-vortex,  and  leading-edge  vortices  above 
slender  delta  wings  at  high  angles  of  attack  [13,14].  The  breakdown  condi- 
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tions  for  these  vortices  were  estimated  and  the  calculated  results  showed  good 
agreement  with  available  experimental  data.  Specifically,  it  was  found  that  fiee 
vortices  may  breakdown  when  the  swirl  ratio  (maximum  of  circumferential  speed 
to  maximum  axial  speed)  is  above  about  0.6. 

This  research  was  carried  out  with  the  support  of  the  USA  National  Science 
Foundation  under  Award  No.  CTS-9804745. 
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1  Introduction 

Vortex  breakdown  is  a  phenomenon,  which  is  characterized  by  an  abrupt  change 
in  the  structure  of  the  vortex  core.  It  is  of  technological  importance  in  the  area 
of  aerodynamics  and  in  combustion  processes  where  vortex  breakdown  acts  as  an 
efficient  mixer  and  stabiliser.  Although  considerable  progress  in  our  understand¬ 
ing  of  vortex  breakdown  (see  for  example  Faler  and  Leibovich  (1977),  Escudier 
(1984),  Lugt  and  Abboud  (1987),  Lopez  and  Perry  (1992),  Khoo  et.  al  (1995)) 
has  been  made  in  recent  years,  much  of  the  fiowfield  remains  unclear.  In  this 
paper,  we  study  the  generation  of  vortex  breakdown  in  a  conical  cavity.  The 
objective  here  is  to  examine  how  changes  in  the  boundary  conditions  affect  the 
generation  and  the  characteristics  of  the  vortex  breakdown.  This  may  lead  to  a 
better  understanding  of  the  mechanisms  involved  in  the  vortex  breakdown. 


2  Experimental  Setup 

Figure  1  shows  a  schematic  drawing  of  the  apparatus  used.  Two  test  sections, 
with  cone  angles  of  8^  and  ISA^,  were  fabricated  using  perspex  rod.  Since  the 
conical  cavities  can  be  inverted,  a  total  of  four  cavity  configurations  were  studied. 
In  all  cases,  the  Reynolds  number  (Re)  is  defined  as  Re  —  where  r  is  the 
radius  of  the  disc,  cj,  its  rotational  velocity  and  i/,  the  kinematic  viscosity  of  the 
fluid. 

The  fluid  medium  used  is  a  solution  of  glycerine  in  distilled  water  with  a 
50:50  ratio  by  weight.  In  all  the  tests,  steady  state  operating  temperature  was 
at  approximately  a  constant  value  with  a  temperature  variation  of  less  than 
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2.5  percent.  To  visualize  the  flow,  neutrally  buoyant  florescin  dye  was  used  in 
conjunction  with  a  thin  sheet  of  laser  sheet,  and  the  flow  images  are  captured 
using  either  a  CCD  video  camera  or  a  still  camera. 


3  Results  and  Discussion 

Bight  Cylinder 

For  the  purpose  of  calibrating  our  set-up,  we  repeated  Escudier  (1984)  experi- 


Rotating  Disk, 
Shaft 


Figure  1:  Schematic  drawing  of 
one  of  the  test  sections  used 


/?,e=]80n  /te=2000  /?,e=2500 

Figure  2:  Vortex  breakdown  for  right 
cylinder  with  increasing  Reynolds  num¬ 
bers 


ments  for  the  aspect  ratio  of  2.5,  although  the  physical  dimensions  of  our  appa¬ 
ratus  are  slightly  smaller.  Figure  2  shows  the  results  obtained  using  a  straight 
cylindrical  cavity  for  the  Reynolds  numbers  of  1800,  2000  and  2500.  They  are  in 
good  agreement  with  those  of  Escudier ’s  (1984),  thus  giving  us  confidence  about 
our  set-up. 

Positive  Angle  Conical  Cavity  (PACC) 

For  ease  of  reference  in  the  following  discussion,  a  conical  cavity  with  its  outer 
boundaries  diverging  from  the  rotating  disk  is  defined  as  a  positive  angle  con¬ 
ical  cavity  (henceforth  referred  to  as  PACC),  and  the  opposite  configuration  is 
defined  as  a  negative  conical  angle  cavity  (henceforth  referred  to  as  NACC). 

Figure  3  shows  the  results  obtained  using  PACC.  The  obvious  difference 
between  these  pictures  and  those  presented  in  Figure  2  is  the  Reynolds  number 
at  which  the  vortex  breakdown  is  initiated.  For  the  right  cylinder,  the  breakdown 
occurs  at  a  Re  1700,  whereas  for  the  8^^  PACC  and  13.4*^  PACC,  it  occurs  much 
earlier  at  Re  of  approximately  1536  and  1359,  respectively.  In  both  cases,  the 
upstream  breakdown  occurs  first,  follows  by  the  downstream  breakdown.  And 
the  folding  of  the  unstable  streaklines  causes  the  appearance  of  ’fingers’  (see  also 
Lopez  and  Perry  (1992)). 

Tlic  prominence  of  these  fingers  was  found  to  distort  and  define  the  shape 
of  the  upstream  bubble.  It  is  of  interest  to  note  that  in  the  numerical  study  of 
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Figure  3:  Vortex  breakdown  for 
8°  PACC  with  increasing  Reynolds 
numbers 


1607  1822  2143 

Figure  4:  Vortex  breakdown 

for  13.4°  PACC  with  increasing 
Reynolds  numbers 


Lopez  and  Perry  (1992),  the  fingers  are  apparent  only  when  Re  >  2500,  and  they 
are  accompanied  by  two  modes  of  oscillation.  In  our  study  for  the  8°  PACC,  the 
fingers  are  present  as  soon  as  the  breakdown  is  initiated  and  there  is  no  evidence 
of  any  oscillation  for  Re  <  2250.  However,  for  Re  >  2250,  the  oscillation  of  the 
finger  tips  can  be  clearly  seen  at  the  downstream  end,  near  the  rotating  disk. 
Video  replay  shows  that  the  oscillatory  motion  affects  the  upstream  region  as 
well  as  distorting  the  vortex  bubble  as  Reynolds  number  increases. 

For  the  downstream  bubble,  it  is  noticeably  smaller  and  the  shape  is  heart¬ 
like  as  in  Fig.  3  for  the  8°  PACC  at  moderate  Re  and  is  more  rounded  for  13.4° 
PACC  in  Fig.  4. 

Negative  Angle  Cone  Cavity  (NACC) 

With  NACC,  the  most  obvious  difference  compared  to  the  reference  case  is  the 
absence  of  the  downstream  vortex  breakdowns.  Also,  the  breakdown  occurs 
much  earlier  at  Reynolds  number  of  approximately  1613  and  1481  for  the  8° 
NACC  and  13.4°  NACC,  respectively. 

During  the  initial  stage  of  the  vortex  breakdown,  the  bubble  is  small  and 
rounded  and  is  accompanied  by  an  enlargement  of  the  emptying  tail  at  its  down¬ 
stream  end.  With  a  larger  cone  angle,  the  enlargement  at  the  downstream  side 
of  the  breakdown  decreases  (see  Fig. 5).  However,  as  Re  increases,  the  overall 
diameter  of  the  breakdown  increases,  which  subsequently  ’’flattens”  into  a  saucer 
shape  (see  Fig.  6). 

At  moderate  Reynolds  number  of  about  2700,  the  tail  has  thickened  and  the 
fingers  are  aligned  in  the  flow  direction.  As  soon  as  the  bubble  begins  to  take 
on  the  shape  of  a  saucer,  the  Angers  are  progressively  pointed  outward  from  the 
axis  of  symmetry.  In  addition,  separation  distance  between  individual  fingers 
appears  to  increase. 

Attempts  were  made  to  see  if  the  stagnation  point  undergoes  oscillation  like  in 
the  reference  case  by  increasing  the  Reynolds  number  progressively  to  4000,  but 
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J700  2000  2900 

Figure  5:  Vortex  breakdown  for 
8”  NACC  with  increasing  Reynolds 
numbers 


1700  2000  2900 

Figure  6:  Vortex  breakdown 

for  13.4"  NACC  with  increasing 
Reynolds  numbers 


there  is  no  evidence  of  the  oscillation.  Instead,  the  size  of  the  bubble  decreases 
until  it  collapses  inwards  to  form  a  small  pitched  spiral  vortex. 


4  Conclusion 

The  vortex  breakdown  in  a  conical  cavity  has  been  studied  experimentally  using- 
dye  visualization  technique.  Comparison  with  the  reference  case  shows  that  the 
breakdown  in  the  conical  cavities  differs  significantly  from  that  of  a  right  cylin¬ 
der.  The  most  notable  differences  are  the  stability  of  the  upstream  stagnation 
point  with  respect  to  axial  oscillation  of  its  location,  the  variation  in  the  number 
of  breakdowns  and  the  prominence  of  the  streakline  fingers  defining  the  break¬ 
down  form. 
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1  Introduction 

The  vortex  breakdown  has  being  observed  during  study  of  slender  vortex  in 
pipe  flows  with  high  swirl.  In  the  low  Re  regimes  Re  <  35000,  there  are  well- 
known  numerous  types  of  vortex  breakdown:  double  helix,  bubble  and  spiral  [2]. 
Recent  progress  in  the  understanding  of  the  phenomenon  [4]  shows  that  it  may 
be  explained  as  a  spontaneous  transition  from  the  right-  to  left-handed  helical 
symmetry  of  the  vorticity  field  (see  Fig.  1,  a).  The  difference  between  vortex 
structures  with  right-  and  left-handed  helical  symmetry  is  governed  by  the  sign 
of  torsion  or  helical  pitch  of  the  vortex  lines.  In  this  modeling  the  breakdown 
possibility  is  determined  by  existence  of  two  or  more  different  columnar  helical 
vortices  with  the  parameters  (F  is  the  vortex  circulation;  wq  and  po  are  the  axial 
velocity  and  pressure;  £  is  the  vortex  core  radius;  2ttI  is  the  helical  pitch  of  a 
vortex)  under  the  same  flow  characteristics  (flow  rate  -  Q]  flow  circulation  -  G; 
axial  fluxes  of  angular  momentum  -  L,  momentum  -  S  and  energy  -  E).  The 
pairs  of  the  columnar  helical  vortices  described  flows  before  and  after  breakdowns 
were  found  [4]  for  the  each  six  regimes  of  swirl  flows  from  [3].  Sarpkaya  was  the 
first  to  show  that  vortex  breakdown  in  non-cavitating  swirling  flows  in  tubes 
at  Re  >  100000  is  significantly  different  from  the  low  Re  types.  In  this  case 
the  conical  breakdown  is  born  from  a  few  spirals  that  are  rotating  at  very  high 
speeds.  At  higher  Reynolds  numbers  [5],  the  breakdown  became  more  like  an 
axisymmetric  cone.  The  objective  of  this  work  is  to  generalize  the  phenomenon 
modeling  on  the  case  with  transition  from  the  right-handed  columnar  helical 
vortex  to  left-handed  hollow  helical  vortex  (see  Fig.l,b). 

2  Transition  from  columnar  to  hollow  vortex 

For  high  Reynolds  numbers,  analyzing  of  a  diagram  of  the  vorticity  distribution 
and  the  velocity  profiles,  measured  upstream  and  downstream  position  of  the 
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vortex  breakdown  [5]  showed  impossibility  to  approximate  the  flow  with  the 
simplest  modeling  of  the  columnar  helical  vortex  only  [1].  Indeed,  the  vorticity 
distribution  after  the  breakdown  has  the  shape  of  hollow  cone. 

3 

Figure  1:  Changes  in  helical  symmetry  of  vorticity  during  vortex  breakdown  at 
low  (a)  and  high  (b)  Be. 


For  this  reason  a  hollow  helical  vortex  with  the  vorticity  distributed  into  the 
annular  section:  tq  -  e  <  r  <  vq  +  e  and  with  the  swirl  {w^  )  and  axial  {w-) 
velocity  was  constructed: 


2Te'- 


(^2+  of) 


ruJz  r  .  .  r 

=  —r-\w^  =  -f  (i\e,ro)]w~  =  iuq  -  jw^, 
“It  '' 


S{r,e,ro)  =  ’  j  \arctg 

(7--ro)  ^  L 


r  -  7’o 


+  ar 


■ctg  (^) 


(1) 


A  good  approximation  of  the  data  obtained  by  [5]  with  the  hollow  vortex  (1)  are 
shown  in  the  Fig.2  with  vortex  parameters  from  the  table: 


TABLE.  Parameters  of  the  approximated  and  calculated  vortices 


r 

Wo 

1 

£ 

ro 

Po 

before  breakdown 

approximation 

0.18 

2.6 

0.10* 

0.5 

0 

0 

after  breakdown 

approximation 

0.05 

0 

-0.20* 

0.20 

0.24 

- 

after  breakdown 

modeling 

0.03 

-0.7 

-0.08* 

0.24 

0.44 

5.5 

*  the  sign  of  I  denotes  the  right-  or  left-handed  helical  vortex. 


Figure  2:  The  velocity  profiles  before  (a)  and  after  (b,  c)  vortex  breakdown  for 
Re  =  230000:  a  comparison  of  the  data  (points)  obtained  by  [5]  with  the  annular 
vortex  model  (solid-lines  are  the  approximations;  dash-lines  are  the  modeling). 
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The  hypothesis  about  a  jumping  transition  from  a  columnar  vortex  with  a 
right-handed  helical  symmetry  to  a  hollow  vortex  with  left-handed  one  during 
the  vortex  breakdown  will  be  true  if  these  vortex  structures  may  exist  under  the 
same  flow  characteristics: 

R  R 


Q  =  2'Kp  /  w~rdr;  G  =  Rw^  (R) ;  L  =  27rp  /  w^iu-r^dr; 


,J  =  2'Kp  /  'W^  + 


(2) 


E  =  2k  p 


wz  +  w 


+ 


lo^rdr; 


where  B  is  an  axial  vortex  flux  of  energy  which  was  expressly  considered  as 
additional  invariant  characteristic  for  the  vortex  flow  without  losses  with  fluid 
density  -  p  in  a  tube  with  radius  -  R.  The  equation  system  for  the  parameters 
(T,  I,  e,  ro,  ico,  Po)  was  found  after  substituting  (1)  into  (2)  and  equating  it  to 
the  flow  characteristics  {Q,  G,  L,  J,  E,  B)  before  the  vortex  breakdown.  After 
expressing  ^ao,  T,  po  as  functions  of  e  and  ro; 


B  =  27rp 


w'^  +  wl 


+ 


r  ^ 


erfcg  -  Lbl 


ttT 


6?  -  (6J) 


;  I  =  ttF' 


L  -  QTbl  TT 


J  xuaQ  L 


kI 


the  system  was  reduced  to  study  of  two  non-linear  equations  for  e  and  7-o: 


Wo 


T  ^0 /O  I  ,  ■n27 

J  — ^ 


4-  K- 


'2k1 


2P 


{wl  +  2po)  0?  +  2woydJ  +  +  T^  (d  +  2dJ) 


I  ^  '  E 
1 


=  E 

-  E. 


(3) 


Where 


fi^d'o)  =  /(l,e,7-o);  d(£,7'o)  = 

1 


f{^,£,roY 


— ^d.x- 


0  X  +  (.?;  -  ro)^ 

bj  (£,7’o)  =  2^~^  J  xP^  {x,e,ro)  f  (x,e,ro)  dx,  i  =  0, 1,2,3;  j  =  0, 1; 


bi  (e,7-o)  = 


d.T,  7  =  2,3;  F(x,£,ro)  = 


"  f{s,£,roY 


ds] 
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dj  (e,ro)  = 


fxP 

(.T,£,ro)P-^  {x,£ 

0 

-{-  (a;  -  rof 

-dT,i  =  0,l,2;i  =  0,l; 


and  values  of  T,  I,  e,  ro,  wq,  Po,  Q,  G,  L,  J,  E  in  (3)  are  referred  as  non- 
dimensional  values  in  accordance  with  T/R*  U,  l/R,  e/R,  tq/R,  wq/U,  po/p* 
U\  Q/p*U  *  G/R  *  U,  L/p  *  U'^  *  R\  Jjp  *  U'^  *  E/p  *  *  i?^ 

B/p*U^  *  R  {U  is  mean  axial  velocity).  The  two  different  solutions  of  the 
system  (3)  were  founded  for  the  set  {Q;  G]  L;  J;  E-  B)  corresponded  to  the 
cross-section  of  the  flow  upstream  of  the  turbulent  vortex  breakdown  [5].  The 
first  solution  is  right-handed  helical  columnar  vortex  with  ro  =  0  and  jet-like 
profile  of  axial  velocity.  The  second  solution  is  left-handed  helical  hollow  vortex 
with  ro  ^  0  and  wake-like  profile  of  axial  velocity.  The  first  vortex  precisely 
coincides  with  the  approximation  of  the  flow  before  the  breakdown,  and  the 
second  vortex  corresponds  to  the  flow  after  the  breakdown  (see  Table  and  Fig.2). 
The  additional  distinction  of  the  solutions  consists  in  the  different  values  of  the 
pressure  drop  and  right-  or  left-handed  helical  vortices  will  be  selected  by  the 
axial  pressure  gradient  that  takes  place  in  the  tube.  In  this  case  (high  Re)  the 
modeling  profiles  were  largely  differ  from  experimental  data  in  contrast  of  the 
low  Re  [4].  That  was  expected  result  for  the  laminar  model,  which  does  not  take 
into  account  turbulent  pulsation. 


3  Conclusion 

For  the  first  time  an  existence  of  the  helical  symmetry  for  a  vortex  field  in  the 
flow  with  the  turbulent  vortex  breakdown  was  established  and  the  possibility 
of  the  transition  under  the  same  integral  flow  characteristics  fiom  a  slender 
right-handed  helical  vortex  to  a  hollow  (conical)  vortex  with  the  left-handed 
helical  symmetry  was  modeled.  Thus  the  hypothesis  [4],  that  the  phenomenon 
of  a  vortex  breakdown  is  associated  with  a  transition  from  right-  to  left-handed 
symmetry  in  the  helical  vortex  structure,  was  supported  during  analysis  of  the 
turbulent  vortex  breakdown  too. 
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1  Introduction 

A  numerical  study  is  conducted  to  investigate  the  flow  structure  of  vortex  break¬ 
down  in  swirling  free  jets  found  in  the  experiments  carried  out  by  Billant  et  al.  [1]. 
Data  obtained  from  direct  numerical  simulations  (DNS)  reveal  the  structure  of 
the  conical  jet  layer  and  its  break  up  into  three-dimensional  vortex  structures  for 
moderate  Reynolds  numbers  of  [1].  Axi-symmetric  and  three-dimensional  flows 
for  swirl  numbers  at  and  above  the  threshold  value  observed  experimentally  are 
considered. 


2  Numerical  method 

A  hybrid  spectral  finite-difference  method  numerical  scheme  has  been  used  to 
solve  the  Navier-Stokes  equations.  Solutions  are  obtained  using  a  fifth  order 
upwind  biased  scheme  (Li[4])  for  the  convective  terms  and  a  fourth  order  central 
difference  scheme  for  the  other  terms  in  the  axial  and  radial  directions  and  peri¬ 
odic  Fourier  series  have  been  used  for  discretisation  in  the  azimuthal  direction. 
The  numerical  formulation  carefully  considers  the  variation  of  the  azimuthal 
Fourier  modes  close  to  the  r  =  0  axis  and  exploits  the  symmetry  and  pole  con¬ 
ditions  described  by  Lewis  and  Bellan[2]  and  Shen[3]. 

A  fourth  order  Runge-Kutta  type  time  integration  method  is  used  to  advance 
the  simulation  in  time.  Helmholtz  equations  for  the  streamfunction  and  the 
pressure  modes  are  solved  using  LU  decomposition  and  deferred  corrections  to 
minimize  the  bandwidth  of  the  coefficient  matrices. 
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3  Results  and  discussion 

Both  axi-symmetric  and  fully  three-dimensional  (3-d)  swirling  jet  flows  were 
computed.  Only  the  3-d  simulations  carried  out  at  Reynolds  number  Re  =  626 
and  swirl  number  (as  defined  by  Billant  et  al.  [1])  of  5  =  1.33  will  be  presented  in 
this  paper.  The  predicted  data  show  the  emergence  of  helical,  counter-rotating 
vortices  in  the  wake  of  a  conical  jet  region  close  to  the  nozzle  exit.  Figure  1 
shows  isosurfaces  of  azimuthal  vorticity  for  only  one  half  of  the  computational 
domain.  The  darker  isosurfaces  have  positive  azimuthal  vorticity  and  the  lighter 
isosurfaces  indicates  negative  azimuthal  vorticity.  It  is  evident  that  the  conical 
shear  layer  consists  of  azimuthal  vorticity  of  both  signs.  Further  upstream,  the 
conical  shear  layer  breaks  up  and  produces  counter-  rotating  vortex  structures. 


Figure  1:  Isosurfaces  of  azimuthal  vorticity  for  simulation  at  Re  —  626  and 
S  =  1.33.  The  darker  isosurfaces  has  an  isovalue  of  /\Vto\max  =  +0.25  and 
the  lighter  isosurfaces  has  an  isovalue  of  ^o/\rt()\,nnx  =  —0.25.  The  isosurfaces 
are  cut  with  a  plane  =  0/^  =  tt.  Only  isosurfaces  in  the  0  <  ^  <  tt  domain  are 
shown. 
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It  is  possible  to  construct  a  simplified  analytical  model  for  the  conical  shear 
layer  to  explain  the  vortical  structure  present  in  the  simulation.  Consider  an 
axisymmetric  inviscid  flow  near  the  slip  surface  given  by 

r  =  Riz)  =  i?o  +  zMi  (1) 

where  r  and  z  are  the  radial  and  axial  coordinates  respectively.  This  surface 
represents  a  cone  if  both  Rq  and  Mi  are  assumed  to  be  positive  constants.  The 
axial  velocity,  v~ ,  is  assumed  to  be  uniform  within  the  cone  and  zero  outside 


Vz{r,z)  = 


for  0  <  r  <  R(z) 
0  for  7*  >  R{z) 


(2) 


and  C  is  a  positive  constant.  The  radial  velocity,  v.,.,  which  follows  from  mass 
balance  is 


^  for0<r<i?(2) 


The  azimuthal  vorticity,  Do,  generated  by  this  flow  field  is  then  given  by 


for  r  /  R{z)  and  by 


^0  =  -  mi) 


at  the  slip  surface  r  =  R{z).  Hence  we  obtain  the  following  expression  for 

for  0  <  r  <  i?(2;) 

5^c5(r  -  R(z))  -  for  r  =  R{z)  { 

^  lovr>R(z). 


This  simple  argument  shows  that  negative  vorticity  is  created  inside  the  cone. 
Positive  vorticity  is  generated  at  the  slip  layer  (r  =  R{z))  because  the  positive 
contribution  of  the  Dirac  pseudofunction  outweighs  the  negative  contribution  in 
(6).  Outside  the  cone,  negative  vorticity  is  present.  It  is  clear  that  the  negative 
vorticity  is  a  result  of  the  axial  variation  of  the  radial  velocity  which  in  turn 
is  a  consequence  of  mass  balance.  If  the  cone  angle  Mi  approaches  zero,  the 
negative  vorticity  contributions  vanish  and  the  standard  model  for  a  mixing 
layer  concentrated  in  a  cylindrical  slip  surface  is  recovered. 

This  property  of  the  conical  shear  layer  is  detected  in  the  simulations.  Fig¬ 
ure  2  shows  the  instantaneous  velocity  and  vorticity  profiles  at  the  stations 
zjD  —  1.5  and  zjD  =  2.5  for  t  =  30.7.  It  is  evident  that  both  negative  and 
positive  azimuthal  vorticity  are  present.  The  structure  of  the  conical  shear  layer 
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is  closer  to  a  jet  than  a  mixing  layer,  which  is  due  to  the  velocity  field  created 
by  the  vortex  ring  structures  downstream.  The  jet  character  of  the  sheai  layei  is 
prominent  even  further  downstream  at  zjD  =  2.5,  but  the  flow  is  now  genuinely 
three  dimensional.  Hence,  we  conclude  that  the  dominant  featuie  next  to  the 
entrance  boundary  is  a  conical  jet. 


Figure  2:  Instantaneous  axial  velocity,  3u~  (dashed  dot  line),  and  azimuthal 
vorticity  0.0  (solid  line)  profiles  at  zjD  =  1.5  (left)  and  zjD  =  2.5  (right). 


4  Conclusions 

The  flow  visualisations  of  Billant  et  al.[l]  showed  the  development  of  a  conical 
shear  layer  in  swirling  jets.  Using  a  simplified  analytical  model,  it  can  be  shown 
that  this  conical  shear  layer  produces  sheets  of  azimuthal  vorticity  of  both  signs. 
;^From  DNS  data,  this  conical  shear  layer  is  demonstrated  to  have  a  spatial 
structure  similar  to  a  conical  jet.  The  break  up  of  this  conical  jet  produces 
count er- rot ati ng  vor t i ces . 
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1  Introduction 

Core  spreading  is  a  method  of  incorporating  effects  of  the  molecular  viscosity 
into  Lagrangian  vortex  methods.  In  two-dimensional  flows  the  core  spreading 
accurately  approximates  the  diffusion  of  vorticity  but  the  vorticity  is  advected 
by  an  average  velocity  field  rather  than  by  the  local  velocity  [1].  Nevertheless 
the  core  spreading  method  is  attractive  in  engineering  applications  because 
this  method  requires  less  number  of  vortex  elements  than  the  methods  which 
correctly  incorporate  the  molecular  viscosity  [2,3].  Moreover,  the  core-spreading 
algorithm  is  simple.  Thus  it  is  worth  examining  the  extent  to  which  the  core 
spreading  method  approximates  the  exact  solution  of  Navier-Stokes  equations 
within  accuracy  which  can  be  accepted  in  the  applications. 

In  this  paper,  a  turbulence  model  based  on  the  core  spreading  is  proposed. 
This  model,  which  is  based  on  Leonard  &  Chua’s  [4]  nonlinear  core  spreading, 
employs  the  subgrid  scale  eddy  viscosity  of  Smagorinsky  type  to  represent  the 
rate  of  core  spreading  by  small-scale  turbulence.  The  linear  combination  of 
this  model  and  the  molecular  core  spreading  model  constitutes  a  Largangian 
turbulence  model  which  includes  Reynolds- number  effects.  Simulations  are  made 
of  an  impulsively  started  round  jet,  and  of  interaction  between  a  vortex  ring  and 
a  vortex  tube  to  show  that  the  turbulence  model  seems  to  yield  reasonable  results 
for  evolution  of  large-scale  vortices. 

2  Turbulence  model 

A  Lagrangian  vortex  method  calculates  evolution  of  a  region  of  distributed 
vorticity  by  subdividing  the  region  into  a  collection  of  vortex  blobs  with 
overlapping  cores.  A  vortex  blob  is  characterized  by  the  position,  vorticity, 
volume,  and  the  cut-off  radius  which  is  a  length  scale  of  a  smoothing  function 
for  vorticity  distribution  around  the  blob  [5].  The  evolution  of  position  and 
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vorticity  of  a  vortex  blob  is  described  by  the  Biot-Savart  law  and  the  vorticity 
equation. 

The  molecular  diffusion  of  vorticity  is  approximated  by  the  core  spreading 
da'^ /dt  =  4}y,  where  a  is  the  cut-off  radius  of  a  vortex  blob  and  u  is  the  kinematic 
viscosity  [6,  7].  This  will  be  referred  to  as  the  linear  model.  The  diffusion  by 
small-scale  turbulence  is  also  modelled  by  da^/dt  =  where  the  subgrid 

eddy  viscosity  is  approximated  by  z^sGS  =  c^<j‘^^~^\dw / dt\,  where  c  is  a  numerical 
constant  and  uj  is  the  modulus  of  vorticity  vector,  on  the  basis  of  Smagorinsky 
eddy  viscosity  z/sgs  =  where  A  is  the  grid  size  and  is  the 

rate-of-strain  tensor  [4].  The  value  of  c  =  0.17,  which  is  recommended  for  free 
turbulent  shear  flows,  is  employed.  This  will  be  referred  to  as  the  nonlinear 
model.  Thus  the  combined  model 

da^/dt  =  4(z^  +  z/sGs)  (1) 

can  be  interpreted  as  a  Lagrangian  turbulence  model  which  includes  Reynolds- 
number  effects.  It  may  be  noted  that  , within  the  framework  of  core  spreading, 
results  by  the  linear  model  should  be  interpreted  as  the  benchmark  with  which 
results  by  the  other  models  are  to  be  compared. 

3  Numerical  procedure 

Numerical  simulations  are  made  for  impulsively  started  jets  issuing  from  a  round 
nozzle  of  radius  R,  and  a  vortex  ring  interacting  with  a  vortex  tube. 

The  jet  is  forced  by  a  sinusoidal  disturbance  to  fix  the  position  of  rolling  up 
of  the  initial  shear  layer.  This  is  because,  in  the  unforced  jet,  the  rolling-up 
position  can  be  influenced  by  numerical  noises,  making  it  difficult  to  compare 
vortex  structures  in  the  jet  simulated  by  the  three  core  spreading  models.  The 
disturbance  is  such  that  the  longitudinal  velocity  fluctuation  at  the  exit  of  the 
nozzle  is  of  the  form  u  =  2acos(m(^)  cos(27r/i),  where  a  and  /  are  the  amplitude 
and  frequency  of  forcing,  respectively,  and  cj)  is  the  azimuthal  angle.  This  is  a 
combination  of  two  helical  modes  of  the  same  strength  and  the  modes  m  =  1 
and  m  =  -1.  The  maximum  disturbance  is  fixed  at  the  positions  (/>  =  0  and  tt. 
The  forcing  frequency  is  chosen  as  the  fundamental  frequency  of  instability  in 
the  initial  shear  layer  of  the  unforced  jet,  which  is  /  =  0.56C//R,  U  being  the 
time-mean  velocity  at  the  centre  of  the  nozzle  exit.  The  amplitude  of  each  mode 
is  a  =  0.025f/,  which  is  near  the  upper  limit  of  linear  growth  of  infinitesimal 
disturbances  in  free  shear  layers. 

In  the  second  simulation,  a  vortex  ring  of  radius  R,  core  radius  b{=  0.155i?) 
and  circulation  F,.  interacts  with  a  vortex  tube  of  the  same  core  radius  and 
circulation  Ff.  The  ratio  Fr/Fj  is  varied  in  a  range  of  0.5- 2.0. 

In  order  to  maintain  the  spatial  resolution,  a  vortex  blob  is  divided  into  two 
blobs,  if  its  length  becomes  greater  than  twice  the  initial  value. 

Reynolds  number  Re  is  2,000  and  20,000  for  the  jet,  based  on  the  diameter 
and  the  exit  velocity  U ,  while  that  for  the  vortex  interaction  is  300  and  3,000, 
based  on  the  diameter  and  the  initial  convection  velocity  of  the  vortex  ring. 
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Figure  1:  Isosurfaces  of  magnitude  of  vorticity  for  (a)  non-linear  model,  (b)  linear 
model  {Re  =  20,000)  and  (c)  combined  model  {Re  =  20,000)  at  Ut/2R  =  10.7 
from  start  of  flow. 

4  Results  and  discussion 

Figure  1  shows  isosurfaces  of  magnitude  of  vorticity  in  the  jet  calculated  by  the 
three  models  at  Re  =  20,000.  The  initial  shear  layer  rolls  up  at  the  same  distance 
from  the  nozzle  exit;  the  vortical  structures  in  the  range  x/2R  <  1.0  is  almost 
the  same.  This  is  because  the  growth  of  the  cut-off  radius  of  vortex  blobs  by  the 
molecular  viscosity  (for  the  linear  model)  and  by  the  vortex  stretching  (for  the 
nonlinear  and  combined  models)  is  small  in  this  region. 

The  linear  model  yields  small-scale  vortices  in  the  region  x/2R  >  2.0,  which 
are  superposed  on  large-scale  vortices.  This  indicates  that  the  flow  in  this  region 
is  turbulent.  The  vortical  structure  of  the  nonlinear  model  is  such  that  the 
structure  of  the  linear  model  (the  benchmark)  is  spatially  filtered  to  eliminate 
the  small-scale  structures.  This  structure  is  further  modified  by  the  molecular- 
viscosity  to  yield  the  structure  of  the  combined  model.  On  the  other  hand, 
the  vortical  structures  at  the  lower  Reynolds  number  of  2,000  (not  shown)  were 
basically  the  same  for  the  linear  and  combined  models. 

The  above  comparison  of  the  vortical  structures  suggests  that  the  combined 
model  can  be  a  reasonable  turbulence  model  although  more  detailed  examination 
should  be  made  quantitatively  on  the  basis  of  statistical  properties  such  as  time- 
mean  velocities  and  Reynolds  stresses. 

Figure  2  shows  the  interaction  of  the  vortex  ring  and  the  vortex  tube  with 
Rr/rf  =  0.5  at  Re  =  300.  The  vortex  ring  is  seen  to  wrap  around  the  vortex 
tube  which  is  also  deformed  by  the  interaction.  For  Fr/Pf  =  1.0  the  cut-and- 
reconnection  occurs  between  a  part  of  the  vortex  ring  and  a  part  of  the  vortex 
tube  (Figure  3).  The  vortex  ring  was  found  to  pass  through  the  vortex  tube  for 
Pr/Pf  greater  than  approximately  1.5  (not  shown). 
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(a)  (b)  (c) 

Figure  2:  Isosurfaces  of  magnitude  of  vorticity  for  interacting  vortex  ring  and 
vortex  tube  with  Fr/Ff  =  0.5  and  Re  =  300  calculated  by  combined  model  at 
(a)  Frt/R'^  =  0.0,  (b)  3.50, and  (c)  9.75. 


Figure  3:  Isosurfaces  of  magnitude  of  vorticity  for  interacting  vortex  ring  and 
vortex  tube  with  Fr/Ff  =  1.0  and  Re  =  300  calculated  by  combined  model  at 
(a)  Frt/R^  =  7.0,  (b)  12.0,  and  (c)  22.0.  Intitial  positions  of  vortices  are  the 
same  as  in  Figure  2. 
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Much  efforts  have  been  devoted  in  the  recent  past  towards  a  better  under¬ 
standing  of  intermittency  in  homogeneous  and  isotropic  turbulence.  Intermit¬ 
tency  refers  here  to  the  anomalous  scaling  behavior  of  velocity  structure  functions 
(see  [1]).  Here  we  address  the  problem  of  how  non  homogeneities  of  the  flows 
influence  intermittency  (see  [2]).  We  concentrate  on  turbulent  boundary  layers 
and  write  the  usual  Reynolds  decomposition  for  the  fluctuating  velocity,  v'\ 

DtViir;  t)  -b  Sij{r)vj  -b  {vjVj)  v[  =  -Vip'  +  (1) 

where  Dt  =  {dt  +Vjdj)  and  Sij  =  diVj  is  the  shear.  Starting  from  this  equation 
we  define  the  following  Integral  Structure  Functions  (ISF): 

S.p{r)  =  (^{Sv{r)^  4-  r  •  <S  •  (2) 

The  rationale  behind  these  structure  functions  being  that  the  energy,  in  presence 
of  shear,  5,  is  not  only  transferred  to  small  scales  (non  linear  term,  eqn.  1)  but 
also  is  advected  spatially  by  means  of  the  average  velocity  {Sv'  term,  eqn.  1). 

On  general  dimensional  grounds,  we  expect  that  there  will  be  a  length  scale 
(shear  length  scale,  Ls)  at  which  the  two  contributions  will  be  of  the  same  order 
of  magnitude  (see  [3]).  In  general: 

Sp{r)c^Sp{r)  for  r  <  L,  (3) 

5p(r)~(r5r/'52p/3(r)  for  r  »  L,  (4) 

The  shear  length  scale,  Ls,  defined  by  the  condition  ~  ^  can  be  estimated 

(neglecting  intermittency)  as  =  (e/5^)  ^  (e  being  the  energy  dissipation 
rate). 
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Figure  1:  In  the  turbulent  boundary  layer  at  the  distance  y'^  =  102.  In  log-log 
scale,  Ss  (+)  and  Sq  (■*)  are  compared  with  Ss  (x)  and  Sq  (A).  The  scale  r  has 
been  renormalized  by  the  characteristic  shear  length-scale  Ls-  The  solid  lines 
passing  through  3$  and  Sq  indicate  the  expected  homogeneous  and  isotropic 
power-laws,  respectively  Cs  =  1  and  Ce  =  1T8.  For  comparison,  the  dashed  line 
has  slope  2. 


Here  we  report  some  tests  performed  on  experimental  data  coming  from  the 
recirculating  wind  tunnel  of  ENS-Lyon  (for  details  on  the  experiment,  see  [4]). 

We  have  computed  the  ordinary  structure  functions,  Sp{r),  and  the  ISF, 
Sp{r),  for  several  distances  from  the  wall.  The  value  of  the  shear  S  was  estimated 
as  the  derivative  of  the  well-established  log-law  for  the  average  velocity  in  a 
turbulent  boundary  layer: 

{«+(>/+))  =  (!/«)  log(!/+)  +  B. 

where  quantities  are  expressed  in  non  dimensional  units,  k,  ~  0.4  and  B  ~  5.26 
(see  also  [4]). 

In  Figure  1  we  show,  in  log-log  scale,  the  SF  and  ISF  of  order  3  and  6 
measured  at  a  distance  y'^  =  102  from  the  wall.  While  the  SF  do  not  display  a 
clean  scaling  over  the  full  range,  the  ISF  present  scaling  exponents  in  remarkable 
agreement  with  the  ones  of  homogeneous  and  isotropic  turbulence.  In  particular 
notice  that  we  are  able  also  to  keep  into  account  intermittency  on  order  6. 

This  finding  lead  us  to  generalize  the  Refined  Kolmogorov  Hypothesis  in 
presence  of  a  shear  flow,  as  follows; 
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Figure  2:  From  experimental  data  at  =  102.  From  bottom  to  top,  in  log- 
log  scale,  Sp{r)/r'^^’  (d-  symbols)  as  compared  to  Sp{r)/r‘^^‘  (★  symbols)  ,  for 

p=l. . .  6. 


A  stronger  test  of  this  relation  is  presented  in  Figure  2,  where  we  compensate 
the  SF  and  the  ISF  by  the  expected  homogeneous/isotropic  power  law:  Sp{r)lr^^ 
and  Sp{r)/r^p,  respectively. 

While  Sp[r)/r^^  show  a  definite  tendency  to  decrease  at  inertial  range  sepa¬ 
rations,  the  Sp{r)lr^p  show  a  clear  plateau. 

As  is  it  evident  from  Figure  2  the  change  of  the  statistic  of  the  energy  dissipa¬ 
tion  is  negligible  at  this  distance  from  the  wall.  The  “strange”  scaling  behavior 
of  the  SF  can  fully  be  understood  in  terms  of  the  relevance  of  the  shear:  Integral 
Structure  Functions  being  completely  able  to  account  for  it. 

Another  test  of  our  proposed  formalism  consists  in  checking  the  dependency 
from  the  distance  from  the  wall,  i/+.  In  Figure  3  we  show  several  SF  of  order  3, 
53 (r,  y"*"),  as  compared  to  ISF,  53 (r,  y+),  for  different  values  of  y+.  The  SF  show 
a  strong  dependence  from  y'^  and  do  never  display  a  scaling  exponents  equal  to 
1  (this  is  not  surprise  as  the  turbulence  we  are  considering  is  not  homogeneous 
and  isotropic,  hence  Howart-Von  Karman  equation  does  not  apply). 

On  the  other  side  ISF  collapse  and,  regardless  of  the  value  of  they  show 
a  scaling  exponent  equal  to  1  (as  if  we  were  dealing  with  homogeneous  and 
isotropic  turbulence) . 

From  this  evidences  we  conclude  that  in  our  experiment  the  presence  of  a 
large  scale  shear  was  able  to  change  drastically  the  scaling  exponents  of  ordinary 
structure  functions.  Using  the  correct  observable  (i.e.  ISF)  we  are  able  to  recover 
scaling  in  very  good  agreement  with  homogeneous  and  isotropic  turbulence.  In 
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Figure  3:  Third-order  structure  functions  at  various  distances  from  the  wall; 

=  32  (o),  y+  =  102  (-f),  y+  =  168  (A)  and  y+  =  233  (x).  The  scaling 
properties  of  53  (SF,  lower  curves)  do  depend  on  the  distance  ?/+.  On  the  oppo¬ 
site,  S3  (ISF,  upper  curves)  displays  the  same  scaling  behavior  for  all  ?/+.  The 
dashed  line  has  slope  1.  The  curves  have  been  shifted  vertically  for  convenience. 

other  words  ISF  are  able  to  smoothly  abridge  between  the  two  limiting  behavior 
of  equations  (3)  and  (4). 
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The  small  scale  persistence  of  anisotropy  in  turbulent  mixing  of  a  passive 
scalar  is  known  to  be  related  to  the  presence  of  cliffs  [1],  large-scale  scalar  jumps 
concentrated  over  small  separations.  However  the  link,  if  any,  between  cliffs 
and  inertial  range  anomalous  scaling  remains  far  from  clear.  We  report  here  a 
detailed  study  of  cliff  statistics,  obtained  from  one-point  temperature  time  series 
in  a  high-Reynolds  number  turbulence  experiment  in  low  temperature  helium 
gas.  We  will  focus  on  statistics  of  spatial  organization  of  high  temperature 
gradients,  giving  evidence  of  self-similar  clustering  for  inertial  range  separations. 

The  flow  takes  place  in  a  cylindrical  vessel,  20  cm  in  diameter,  and  is  gener¬ 
ated  between  two  coaxial  disks,  13  cm  apart  [2],  rotating  in  the  same  direction. 
The  fluid  is  helium  gas  at  a  temperature  of  8  K  and  at  pressures  ranging  from  0.3 
to  3  bar.  Thermal  fluctuations,  of  typically  50  mK,  are  induced  by  the  means 
of  a  heated  grid,  and  temperature  measurements  are  performed  at  a  position 
30  mesh  sizes  downstream.  The  hand-made  thermometers  are  7  jim  diameter 
carbon  fiber,  working  in  constant  current  mode,  with  a  resolution  of  100  fiK. 

For  this  first  study  of  temperature  measurements  we  restrict  ourself  to  a 
range  of  microscale  Reynolds  numbers  Rx  from  100  to  300.  The  turbulence 
parameters  are  determined  from  velocity  measurements  at  the  same  point  and 
in  the  same  flow  configuration.  The  integral  length  scales  of  temperature  {9) 
and  velocity  (u)  fluctuations  are  respectively  A^;  =  0.7  cm  and  A^^  =  1.0  cm, 
with  no  noticeable  Rx  dependence,  and  the  Kolmogorov  scale  77  lies  between  185 
and  39  fim. 

The  thermal  cliffs  are  defined  from  a  simple  threshold  on  the  temperature 
derivative, 

\de/dx\  >  s{{de/dxfy/'\ 

where  s  is  an  arbitrary  constant,  in  the  range  3-20.  Spatial  derivatives  are 
obtained  from  temporal  ones  using  the  Taylor  hypothesis.  Figure  la  shows  a 
magnification  of  a  cliff,  concentrating  a  temperature  jump  of  about  5  standard 
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Figure  1:  (a)  Detail  of  a  typical  cliff  on  the  temperature  signal,  and  its  corre¬ 
sponding  time  derivative,  (b)  Long  recording  of  temperature  fluctuations;  the 
bars  indicate  the  positions  of  the  cliffs,  for  different  thresholds,  revealing  the 
hierarchical  organization  of  cliffs. 


deviations.  The  cliff  width.  A,  is  defined  such  that  the  temperature  derivative 
takes  values  exceeding  90  %  of  its  local  maximum.  Distributions  of  this  width 
are  shown  in  figure  2a,  for  three  different  thresholds,  at  a  Reynolds  number 
Rx  =  280.  It  is  clear  that  no  threshold  dependence  appears,  giving  confidence 
in  our  detection  method.  Figure  2b  shows  the  mean  cliff  width  divided  by  the 
Kolmogorov  scale  for  different  Reynolds  number  from  100  to  300.  We  can  see  a 
well  defined  plateau, 

(A)  =  (13  ±3)7/. 

Although  a  A  ~  scaling  cannot  be  ruled  out  because  of  the  small  range  of 
Reynolds  numbers  spanned  here,  our  data  suggest  that  the  r}  ^  scaling 

is  more  likely.  This  observation  indicates  that  the  highest  scalar  jumps,  whose 
amplitude  is  a  few  temperature  standard  deviations,  are  concentrated  over  dis¬ 
tances  scaling  as  the  Kolmogorov  scale,  the  “smallest  available  lengthscale”  of 
the  flow. 

In  order  to  investigate  the  occurrence  of  cliffs  in  the  temperature  signal,  we 
now  focus  on  the  statistics  of  intervals  between  cliffs.  In  figure  lb  we  show  a  long 
recording  of  temperature  fluctuations  together  with  the  positions  of  the  cliffs, 
indicated  by  vertical  bars  for  different  thresholds.  From  this  plot,  a  hierarchical 
organization  of  cliffs  appears:  the  strongest  gradients  (highest  s)  are  surrounded 
by  weaker  ones  (smaller  s).  This  clustering  trend  appears  more  clearly  if  we 
plot  the  probability  density  function  (pdf)  of  these  interval  lengths,  as  shown 
in  figure  3a.  These  pdfs  are  very  wide,  so  we  have  used  width-varying  bins 
to  compute  the  histograms.  For  long  separations,  the  pdf  is  well  fitted  by  an 
exponential  decay,  a  signature  of  uncorrelated  events.  The  characteristic  length 
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Figure  2:  (a)  Histograms  of  cliff  width  A,  defined  with  thresholds  s=3,  7  and 
13.  (b)  Mean  cliff  width,  divided  by  the  Kolmogorov  scale  as  a  function  of 
Rx- 


Figure  3:  Distribution  of  interval  between  fronts  for  different  thresholds  s=3, 
7  and  13,  in  log-linear  (a)  and  log-log  (b)  coordinates.  The  dashed  lines  are 
exponential  fit  for  Sr/p  >  500. 


scale  of  this  exponential  behavior  is  related  to  the  ratio  of  events  selected  by  the 
threshold  s. 

For  smaller  separations,  the  pdf  shows  an  algebraic  decay, 

p{5r)  ~  6r~^\ 

clearly  visible  in  figure  3b,  with  an  exponent  p  close  to  -1.  The  logarithmic 
derivative  of  this  pdf  gives  a  local  exponent  p  =  0.98  ±0.05  for  30  <  Sr/r]  <  300, 
with  no  variation  with  the  threshold  s.  For  higher  thresholds,  fewer  events 
are  selected  and  the  exponential  contribution  dominates  the  algebraic  one.  The 
cross-over  between  these  two  regimes  is  Lc  —  (2.4±O.1)A0,  again  with  no  thresh¬ 
old  dependence. 

This  algebraic  distribution  of  waiting  times  between  cliffs  strongly  suggests 
a  self-similar  clustering,  in  which  the  only  characteristic  size  appears  to  be  the 
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upper  bound  of  the  inertial  range.  One  consequence  of  such  a  law  is  that  the 
mean  interval  between  cliffs,  {Sr),  is  fixed  by  the  large  scale.  Together  with  the 
mean  cliff  width  (A)  ~  mentioned  above,  we  note  that  this  result  is  in  good 
agreement  with  the  constant  ~  o(l)  skewness  of  temperature  derivative  observed 
at  high  Reynolds  numbers. 

Algebraic  distributions  of  waiting  times  between  intense  events  have  been 
observed  for  other  turbulent  quantities.  Thresholds  on  pressure  drops  in  the 
turbulent  flow  between  counter-rotating  disks  [3]  reveal  an  algebraic  distribu¬ 
tion  for  short  waiting  times,  with  an  exponent  p,  ~  1.6  up  to  separations  close 
to  the  integral  scale.  Waiting  times  between  successive  intense  velocity  bursts 
in  the  near  field  of  a  turbulent  jet  [4]  also  show  algebraic  distributions.  For 
thresholds  performed  on  longitudinal  velocity  derivative  [5],  we  observe  alge¬ 
braic  distributions  with  an  exponent  //  increasing  from  0.5  to  1  for  R\  <  400 
(in  agreement  with  earlier  observations  [6]  at  moderate  Reynolds  numbers),  and 
saturating  at  the  value  //  ~  1  for  higher  Rx  (up  to  2000). 

Such  distributions  reveal  the  hierarchical  organization  of  the  small  scale 
structures  of  turbulent  flows,  highlighting  the  intermittent  behaviour  of  energy 
and  scalar  dissipation.  An  exciting  issue  is  the  universality  of  the  p{Sr)  ~  Sr~^ 
law  of  waiting  times,  for  both  scalar  and  velocity  derivatives,  and  its  link  with 
the  inertial  range  anomalous  scaling  of  scalar  and  velocity  structure  functions. 
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1  Introduction 

Kolmogorov’s  4/5  law  [1]  states  that 


(1) 


where  (5v(r)  =  v(z  -{-  r)  -  v(z)  is  the  velocity  difference  between  two  points 
separated  by  the  vector  r,  =  (5v{r)  •  r/r,  £  is  the  energy  dissipation  and 
brackets  denote  ensemble  averages.  The  result  is  valid  under  certain  symmetry 
assumptions  in  the  infinite  Reynolds  number  limit,  where  it  is  assumed  that  (c) 
is  fixed  as  zv'  — >  0.  The  law  was  discussed  by  Frisch  [2]  who  gave  a  proof  based 
on  global  homogeneity,  stationarity  and  isotropy.  The  law  is  fundamental  in 
the  sense  that  the  coefficient  |  is  exact,  and  Frisch  [2]  argue  that  symmetries 
can  be  expected  to  be  restored  at  high  Rx^  so  that  is  should  be  sufficient  to 
assume  stationarity  and  the  existence  of  an  infinite  Reynolds  number  limit.  It 
has  indeed  been  found  that  the  symmetry  assumptions  can  be  relaxed.  Thus  Hill 
[3]  argue  that  it  is  sufficient  to  assume  local  homogeneity  and  gives  a  proof  based 
on  the  assumption  that  mean  values  of  terms  containing  a  factor  6y  or  6P  can 
be  ignored.  This  can  be  considered  a  strong  version  of  local  homogeneity.  Mann, 
Ott  &  Andersen  [4]  give  a  proof  based  on  a  weaker  form  of  local  homogeneity 
involving  statistics  formed  only  from  the  local  velocity  field  6v  and  found  that 
the  assumption  of  local  stationarity  was  necessary.  No  isotropy  assumption  was 
found  necessary  when  averaging  over  all  directions  of  the  separation  vector  r  was 
included  in  the  definition  of  the  structure  function.  These  results  are  discussed 
further  below. 


Measurements  in  the  atmospheric  surface  layer  by  Dhruva  et  al  [5]  have 
verify  the  4/5  law  at  high  Reynolds  numbers  (Rx  ~  10^).  Experimentally  the 

ratio  K{r)  =  —  increases  with  r  to  a  plateau  very  close  to  |  and  decreases 
for  larger  r.  However,  even  for  Rx  ~  the  width  of  the  plateau  is  quite 
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small.  At  more  moderate  Reynolds  numbers  {Rx  ~  10^  -  10^)  the  maximum  is 
generally  considerably  lower  than  |  (e.g.  [8],  [6],  [7],  [4]). 

The  question  is  what  causes  the  deviations  from  (1)  at  moderate  Rx.  We 
have  reviewed  both  the  derivation  of  the  4/5  law  and  the  dehnition  of  local 
homogeneity  searching  for  terms  which  could  be  important  at  moderate  Rx- 


2  Defining  Local  Homogeneity 

We  prefer  to  define  local  homogeneity  by  means  of  a  local  frame  of  reference 
attached  to  a  fluid  particle.  For  a  particular  point  z  we  follow  the  trajectory 
(^{t)  passing  through  z  at  time  to  and  define  a  local  coordinate  system  (y,  s) 
where  y  =  x  -  ({t)  is  the  local  position  (or  separation)  and  s  =  t  is  the  local 
time  variable.  The  following  connection  exists  between  partial  derivatives  in 
local  system  (y,  s)  and  the  laboratory  system  (x,  t) 


A  =  A 

dvi  dxi 


We  define  local  quantities  as  quantities  that  can  be  constructed  from  the 
local  velocity  field  (5v(y,  s)  =  v(C  +  y, «)  -  v(C,  s)  and  partial  derivatives  of  Sv 
with  respect  to  the  local  coordinates  y  and  s.  The  local  quantities  constitute 
the  information  available  to  an  observer  in  a  local  coordinate  system.  Taking 
ensemble  averages  of  local  quantities  for  t  =  to  vje  get  a  set  of  local  statistics  for 
the  point  z.  Local  homogeneity  means  that  local  statistics  are  independent  of  z. 

This  definition  is  slightly  different  from  the  one  given  by  Monin  &  Yaglom  [9], 
who  allow  pressure  differences  as  well  as  S\  in  the  definition  of  local  quantities. 
Our  definition  implies  that  simple  flow  fields  that  are  linear  in  x  are  locally 
homogeneous.  A  rotating  flow  can  be  made  by  applying  an  instantaneous  force 
field  of  the  form  fi  =  AijXj6{t),  where  Aij  =  -Aji,  to  a  globally  homogeneous 
turbulent  flow.  Using  our  definition  this  flow  is  locally  homogeneuos  even  tor 


We  note  that  ^  generally  produces  non-local  quantities,  which  have  zero 
averages  by  stationarity.  ^  can  be  used  to  define  local  stationarity  meaning 


=  0  for  any  local  quantity  Q.  We  emphasize  that  global  stationarity 

does  not  imply  local  stationarity. 

In  local  coordinates  the  Navier-Stokes  equation  becomes 


A  ^  -  -  A.  4- 

ds  dijj  dxji  dxjjdxjj 


(2) 


where  g(y)  =  p(C  +  y)-p(C)  +  a(C)-y  and  a  =  dv/dt^v  •  Vv  is  the  acceleration. 
Thus  the  Navier-Stokes  equation  is  unchanged  even  if  the  local  system  is  not  an 
inertial  system.  There  is  no  way  to  detect  from  local  observations  of  the  flow 
that  q  is  not  the  real  pressure  (pressure  sensitive  dye  is  not  allowed).  Note  that 
the  left  hand  side  of  (2)  can  be  written  as  =  a(C  +  y)  -  a(C). 
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Figure  1:  A:  (c^v  •  ^a)  for  six  runs.  The  short  dashed  curves  are  runs  with  a  grid 
frequency  of  2  Hz,  the  solid  3  Hz,  and  the  long  dashed  3.5  Hz.  The  horizontal 
lines  are  values  of  2  {e)  derived  from  second  order  velocity  structure  function. 
B:  The  local  energy  budget  (cf.  (4)).  The  long  dashed  curve  is  local  kinetic 
energy  decay  rate,  the  short  dashed  curve  is  the  local  energy  flux  divergence, 
and  the  solid  curve  is  {Sv  •  ^a). 

The  following  incompressibility  relations  hold 

and 


where  Gu  =  and  constants  indepen¬ 

dent  of  X  and  x'.  Since  x  and  x'  can  be  chosen  to  be  far  apart  we  may  expect 
Gu  ~  0  and  Fik  ~  0,  at  least  when  the  mean  flow  is  not  strained  or  rotating. 


—  /  auj(x')  dvj 


and  F,,  = 


3  (5v  •  (5a)  and  the  4/5  law 

Using  the  above  definition  of  local  homogeneity  Mann,  Ott  &  Andersen  [4]  show 
that 

((iv(y)  ■  5a(y))  =  z/-  +  2z/  (Gu)  +  FikyWj  -  2  (e) 

The  two  first  terms  on  the  right  hand  side  vanish  as  i/  0  and  they  can  be 
neglected  for  separations  larger  than  a  few  Kolmogorov  length  scales.  The  third 
term  cannot  be  ruled  out  in  general  and  it  could  play  a  role  for  large  separations. 

Figure  lA  shows  direct  measurements  of  (Jv  •  (5a)  in  turbulence  generated  by 
two  oscillating  grids  made  by  us  [4]  with  Rx  ~  100.  It  appears  that  ((5v  •  ^a)  is 
almost  constant  over  a  range  of  separations  much  wider  than  the  inertial  range. 
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Furthermore,  the  constant  value  agrees  well  with  estimates  of  {e)  obtained  from 
the  second  order  structure  function.  We  have  also  find  that  (^v  ■  (5a)  is  nearly 
independent  of  the  direction  of  the  separation  vector  y.  In  other  words  the 
experiments  are  consistent  with  the  simple  relation 

(<5v  •  5a.)  =  -2  {£)  (3) 

Integrating  both  sides  of  over  a  ball  of  radius  r,  (3)  is  turned  into  a  kinetic 
energy  budget 

^  J  ^<5v||(y)i(5v2(y)^  = (4) 

|y|<r  |y|=i’ 

If  the  first  term  is  ignored  we  get  the  so-called  4/3  law,  and,  using  the  incom¬ 
pressibility  relations,  the  4/5  law  follows  with  no  need  for  additional  assumptions 
(cf.  [4]  for  details).  The  crucial  step  is  therefore  to  assume  that  the  local  ki¬ 
netic  energy  (^(5v^)  is  stationary.  The  assumption  is  daring  because  there  is 
no  production  term  in  (4)  to  compensate  for  the  dissipated  energy.  Figure  IB 
shows  experimental  results  for  the  three  terms.  For  small  separations  the  con¬ 
tribution  from  local  energy  decay  (long  dashed  curve)  is  indeed  small,  but  for 
quite  moderate  separations,  where  (3)  is  valid,  the  local  energy  decay  becomes 
the  leading  term  on  the  left  hand  side  of  (4).  In  other  words  the  energy  cascade 
is  maintained  by  feeding  on  the  local  kinetic  energy,  and  we  conclude  that  this 
is  the  main  reason  for  the  deviations  from  the  4/5  law  observed  at  moderate 
Reynolds  numbers. 
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1  Introduction 

The  overshooting  of  convective  motions  in  the  stable  layers  of  the  solar  atmo¬ 
sphere  produces  observable  velocity  and  intensity  patterns.  The  characterization 
of  these  photospheric  structures  is  extremely  relevant  for  the  understanding  of 
the  energy  transport  in  the  outer  layers  of  the  Sun.  The  solar  photosphere  is  also 
a  natural  laboratory  where  it  is  possible  to  study  pattern  formation  in  driven 
out  of  equilibrium  systems  [1].  Recently  many  studies  claimed  that  a  turbulent 
cascade  process  could  be  a  starting  point  for  the  comprehension  of  these  patterns 
[2].  Moreover  previous  analyses  of  photospheric  velocity  and  intensity  field  have 
evidenced  the  presence  of  scaling  features  and  intermittency  phenomena  [3,  4]. 

Here,  using  Extended  Self  Similarity  (ESS)  [6]  analysis  and  multifractal  anal¬ 
ysis  [7],  two  methods  used  in  the  past  years  to  characterize  intermittency  effects 
in  MHD  and  fluid  turbulence,  we  investigate  the  anomalous  scaling  features  of 
the  velocity  and  intensity  field  at  the  solar  photosphere. 

2  Data  analysis 

This  Study  is  based  on  a  set  of  velocity  and  intensity  fields  obtained  from 
monochromatic  and  white  light  images  acquired  by  the  THEMIS-IPM  monochro¬ 
mator  [8]  in  the  ’99  observative  campaign.  The  observed  field  refers  to  a  quiet 
solar  region  at  the  disk  center,  and  velocity  and  intensity  images  have  been  com¬ 
puted  from  the  observation  of  three  spectral  lines,  C  I  538.0  nm,  Fe  I  537.9  nm, 
Fe  I  557.6  nm,  forming  at  three  different  photospheric  heights,  ~  60  km, 
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~  200  km  and  ^  370  km  respectively.  In  order  to  study  only  the  convective  pat¬ 
tern,  the  images,  corrected  for  standard  instrumental  effects,  have  been  filtered 
to  remove  the  5-minutes  acoustic  waves  (p-modes)  by  means  of  a  subsonic  filter. 
The  field  of  view  of  the  corrected  images  is  about  30  ”  x30  ”  (21.5  Mmx21.5  Mm 
on  the  solar  surface).  The  spatial  resolution  of  the  acquired  images  is  of  the  or¬ 
der  of  0.4  ”.  In  the  case  of  velocity  and  intensity  fields,  calculated  from  the 
monochromatic  images,  the  resolution  was  decreased  of  a  factor  ~  2  (0.8  ). 


Figure  1:  Left:  flatness  vs.  scale  for  velocity  fluctuations  at  three  photospheric 
heights.  Squares,  triangles  and  diamonds  refer,  respectively,  to  the  C  I  538.0,  Fe 
I  537.9  and  Fe  I  557.C  velocity  fields.  The  error  bars  have  been  obtained  from  the 
scatter  among  16  13”  x  13”  sub-images.  Right:  relative  scaling  exponents  a(q) 
for  vertical  velocity  structure  functions  at  three  different  photospheric  heights. 
The  dashed  line  represents  the  linear  relation  a(q)  =  q/S  from  the  K41  theory. 


To  investigate  the  occurrence  of  scaling  laws  in  the  vertical  photospheric  ve¬ 
locity  field  we  analyze  the  structure  functions  S,,{r)  =  (|'i;||(x  +  r)  -  vi|(x)|^0  = 
(^'cii  (7-)'0  where  ( )  denotes  the  spatial  average  and  vn  (x)  =  7711  (x,  y)  is  the  vertical 
velocity  field,  that  is  the  line  of  sight  component  of  the  velocity  field.  To  obtain  a 
simple' measure  of  intermittency  of  the  ^7711(7-)  distribution  function  we  calculate 
its  flatness  $,  that  is  S4(r)/S2{r),  at  three  different  photospheric  heights.  For 
a  Gaussian  distribution  4>  -  3,  while  it  is  $  >  3  in  presence  of  intermittency 
effects.  As  it  can  be  seen  in  Figure  1,  we  find  that  the  velocity  fluctuations  are 
nearly  gaussian,  as  already  reported  by  Lawrence  et  al.  [5],  with  values  sligthly 
higher  for  the  C  I  line.  The  occurrence  of  scaling  invariance  can  be  studied 
through  the  scaling  relations  S^r)  -  where  the  scaling  exponents  ((q)  are 
linearly  related  to  the  moment  order  in  absence  of  intermittency.  In  our  case  it 
is  not  easy  to  define  a  sufficiently  good  scaling  region  in  the  structure  functions. 
Benzi  et  al.  [6]  have  introduced  a  new  concept,  the  Extended  Self  Similarity, 
which  allows  to  analyze  the  scaling  properties  of  the  structure  functions  m  a  dif¬ 
ferent  way.  In  this  method,  the  relative  scaling  exponents  a{q)  are  determined 
from  the  scaling  laws  S^>{r)  =  In  this  work  we  calculate  the  expo¬ 

nents  a{q)  of  the  vertical  velocity  field  at  three  different  photospheric  heights,  foi 
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six  values  of  the  moment  order  (1  <  Q  <  6).  In  Figure  1  we  show  a{q)  vs.  the 
moment  order  q.  It  can  be  seen  that  the  scaling  exponents  for  the  C  I  538.0  nm 
and  the  Fe  I  537.9  nm  velocity  fields  show  a  non  linear  dependence  from  the 
moment  order,  while  a  linear  dependence  is  found  for  the  Fe  I  557.6  nm  velocity 
field.  This  suggest  that  some  intermittency  effects  in  the  vertical  velocity  field 
could  be  generated  by  the  convective  pattern  at  lower  altitudes. 

The  intermittent  nature  of  the  dissipation  of  passive  scalar  fluctuations  in  flu¬ 
ids  has  been  evidenced  in  some  past  papers  [9].  Here,  we  study  the  photospheric 
intensity  as  a  passive  scalar  defining  a  dissipation  field  r{x,y)  as 


r(.T,y)2.|v/p  = 


(1) 


where  I(x,y)  is  the  intensity  field.  It  can  be  seen  that  r(x/y)  is  intermittent, 
showing  large  variations  at  the  boundaries  of  the  convective  cells.  To  investigate 
the  intermittency  properties  of  the  dissipation  field  we  can  try  to  obtain  anoma¬ 
lous  scaling  laws  through  a  multifractal  analysis  [7].  To  this  aim  we  introduce 
a  probability  measure  ei(r)  =  Xi(j')/xW,  where  > 

beeing  Vi(r)  C  D{L)  a  hierarchy  of  disjoint  squares  of  size  r,  covering  the  whole 
square  D{L)  of  size  L.  The  anomalous  scaling  laws  can  be  obtained  from  the 
relation  ~  where  are  the  generalized  dimensions.  The  singu¬ 

larity  spectrum  /(a),  that  is  the  fractal  dimension  of  the  set  of  points  where 
the  probability  measure  scales  as  e(r)  ~  r",  can  be  calculated  from  a  Legendre 
transform  of  the  variables  (^,  D(j)  [7].  In  Figure  2  we  show  the  / (a)  curves  for  the 


Figure  2:  The  f{a)  curves  for  the  dissipation  of  continuum  intensity  fluctuations 
(dashed  line)  and  for  Fe  I  557.6  nm  line  core  intensity  fluctuations  (solid  line). 


intensity  dissipation  field.  These  curves  show  that  the  intensity  dissipation  field 
is  more  intermittent  in  the  higher  photosphere  than  in  the  lower  photosphere. 
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3  Conclusions 

We  have  shown  that  the  photospheric  vertical  velocity  fluctuations  are  nearly 
gaussian  with  a  possible  presence  of  intermittency  effects  at  lower  altitudes.  We 
have  analyzed  also  the  scalar  dissipation  field  obtained  from  the  intensity  fields. 
Using  the  multifractal  geometry  we  have  found  that  the  dissipation  is  more 
intermittent  in  the  higher  photosphere. 

This  work  is  based  on  observations  obtained  with  the  Italian  Panoramic 
Monochromator  mounted  at  the  THEMIS  telescope  operated  on  the  island  of 
Tenerife  by  THEMIS/CNRS-INSU/CNR  in  the  Spanish  Observatorio  del  Teide 
of  the  Institute  de  Astrofisica  de  Canarias.  We  thank  the  THEMIS  staff  for  the 
efficient  support  in  the  observations.  Special  thanks  are  due  to  C.  Briand  and 
G.  Ceppatelli  for  their  operational  support. 
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1  Helical  turbulence 

The  existence  of  a  second  quadratic  inviscid  invariant,  the  helicity,  besides  the 
energy,  in  a  helical  turbulent  flow  leads  to  coexisting  cascades  of  energy  and 
helicity  [1].  An  equivalent  of  the  four-fifth  law  for  the  longitudinal  third  order 
structure  function,  which  is  derived  from  energy  conservation,  is  easily  derived 
from  helicity  conservation  [2,  3].  This  is  a  scaling  relation  for  the  third  order 
correlator  associated  with  the  spectral  flux  of  helicity,  ((5v||(/)-[vj_(r)  x  vj_(r-k0]) 
=  (2/15)^r^,  where  6  is  the  mean  dissipation  of  helicity.  This  relation  is  called 
the  ’two-fifteenth  law’  due  to  the  numerical  prefactor.  The  two-fifteenth  law 
establishes  another  non-trivial  scaling  relation  for  velocity  differences  in  a  tur¬ 
bulent  helical  flow. 

The  ratio  of  dissipation  of  helicity  to  dissipation  of  energy  in  spectral  space 
is  proportional  to  the  wave-number  k.  This  is  leading  to  a  different  inner  -  or 
Kolmogorov  scale  for  helicity  than  for  energy  [5].  The  Kolmogorov  scale  rj  for 
energy  dissipation  is  obtained  from  e  ~  i^6u^Jrj^  =>  rj  ~ 

where  Sui  is  a  typical  variation  of  the  velocity  over  a  scale  I  and  s  is  the  mean 
energy  dissipation.  The  Kolmogorov  scale  ^  for  dissipation  of  helicity  is  obtained 
by  balancing  the  helicity  dissipation  and  the  spectral  helicity  flux.  With  dimen¬ 
sional  counting  we  have  6  ~  and  using  5ui  ~  we  obtain  the  inner 

scale  ^  for  helicity  dissipation, 


^  ~  (1) 

where  u  is  the  kinematic  viscosity,  e  the  mean  energy  dissipation  and  S  the 
mean  helicity  dissipation.  The  inner  scale  for  helicity  is  always  larger  than  the 
Kolmogorov  scale  for  energy  so  in  the  high  Reynolds  number  limit  the  flow  will 
always  be  helicity  free  in  the  small  scales,  much  in  the  same  way  as  the  flow 
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will  be  isotropic  and  homogeneous  in  the  small  scales.  However,  as  is  the  case 
for  the  enstrophy,  we  must  have  a  blow  up  of  helicity  for  high  Reynolds  number 
flow  in  order  to  permit  the  energy  to  cascade  to  the  dissipation  scale  since 
the  spectral  helicity  density  dimensionally  dominates  with  a  factor  k  over  the 
spectral  energy  density.  Helicity  is,  in  contrast  to  enstrophy,  an  inviscid  invariant 
in  3D  turbulence  so  the  only  way  there  can  be  a  blow  up  of  helicity  is  if  there 
is  a  detailed  balance  between  positive  and  negative  helicity  production  in  the 
range  Kh  <  k  <  Ke-  So  the  situation  in  3D  turbulence  with  cascades  of  energy 
and  helicity  is  very  different  from  the  situation  in  2D  turbulence  since  helicity  is 
not  a  positive  quantity.  In  2D  turbulence,  where  enstrophy  is  a  positive  inviscid 
invariant,  the  cascade  of  enstrophy  prohibits  a  forward  cascade  of  energy. 


2  Model  simulation 

The  idea  is  illustrated  in  a  shell  model  of  turbulence.  Shell  models  are  toy-models 
of  turbulence  which  by  construction  have  second  order  inviscid  invariants  similar 
to  energy  and  helicity  in  3D  turbulence.  The  advantage  of  shell  models  is  that 
they  can  be  investigated  numerically  for  very  high  Reynolds  numbers,  in  contrast 
to  the  Navier-Stokes  equation.  Shell  models  lack  any  spatial  structures  so  we 
stress  that  only  certain  aspects  of  the  turbulent  cascades  have  meaningful  analo¬ 
gies  in  the  shell  models.  This  should  especially  be  kept  in  mind  when  studying 
helicity  which  is  intimately  linked  to  spatial  structures,  and  the  dissipation  of 
helicity  to  reconnection  of  vortex  tubes  [4].  So  the  following  only  concerns  the 
spectral  aspects  of  the  helicity  and  energy  cascades.  The  most  well  studied  shell 
model,  the  GOY  model  [6,7],  is  defined  from  the  governing  equation. 


Un  =  ^kn{Un-\-2'^^n+l  -  J^Un^iUa-l  H - J^Un-lUa-2) 


-ukf^Un  +  fn 


(2) 


with  n  -  where  the  UnS  are  the  complex  shell  velocities.  The  wave- 

numbers  are  defined  as  kn  =  where  A  is  the  shell  spacing.  The  second  and 
third  terms  are  dissipation  and  forcing.  The  model  has  two  inviscid  invariants, 

energy,  E  =  Yin  —  Yin  ’helicity’,  H  =  Yin  ~ 

The  model  has  two  free  parameters,  A  and  e.  The  ’helicity’  only  has  the  correct 
dimension  of  helicity  if  |e  -  Ij"'^  =  k,,  1/(1  -  e)  =  A.  In  this  work  we  use  the 

standard  parameters  (e.  A)  =  (1/2,2)  for  the  GOY  model. 

Figure  1  shows  two  shell  model  simulations,  one  with  a  helicity  free  forcing 
and  one  with  coexisting  cascades  of  energy  and  helicity.  The  spectral  fluxes  of 
energy  and  helicity  are  plotted  against  wave-number.  The  helicity  flux  (dia¬ 
monds)  in  the  case  of  a  helical  forcing  shows  a  crossover  between  a  regime  with 
a  constant  cascade  of  helicity  and  a  regime  dominated  by  balanced  dissipation  of 
positive  and  negative  helicity  (for  even  -  and  odd  numbered  shells).  The  scaling 
in  this  regime  is  governed  by  the  dissipation  of  helicity  Dn  ~  ^kf^\un\~  ~  i^kJ  . 
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Figure  1:  The  absolute  values  of  the  helicity  flux  |(n^)|  (diamonds)  show  a 
crossover  from  the  inertial  range  for  helicity  to  the  range  where  the  helicity  is 
dissipated.  The  line  has  a  slope  of  7/3  mdicating  the  helicity  dissipation.  The 
dashed  lines  indicate  the  helicity  input  S.  The  crosses  is  the  helicity  flux  in  the 
case  ^  =  0  where  there  is  no  inertial  range  and  Kh  coincides  with  the  integral 
scale.  The  triangles  are  the  energy  flux  (11^). 


The  crossover  defines  the  inner  scale  ^  for  helicity  dissipation.  In 

the  first  regime  both  the  four-fifth  -  and  the  two-fifteenth’  law  applies,  in  the 
second  regime  only  the  four-fifth  la^^^  applies.  The  position  of  the  inner  scale 
K/-/  depends  on  the  input  of  helicity  J  =  0.  Figure  2  shows  a  set  of  simulations 
performed  with  different  helicity  inputs.  When  scaling  the  wave  number  with 
Kji  and  the  helicity  flux  with  J  =  0  a  clear  data  collapse  between  the  different 
simulations  is  seen,  confirming  the  scaling  (1). 


3  Conclusions 

The  role  of  helicity  in  3D  turbulence  is  different  from  the  role  of  enstrophy  in 
2D  turbulence.  In  3D  helical  turbulence  the  helicity  is  dissipated  within  the 
inertial  range  of  energy  cascade.  Thus  there  exist  two  inertial  ranges  in  helical 
turbulence,  a  range  smaller  than  Kp  with  coexisting  cascades  of  energy  and 
helicity  where  both  the  four-fifth  -  and  the  two-fifteenth  law  applies,  and  a  range 
between  Kjj  and  Ke  where  the  flow  is  non-helical  and  only  the  four-fifth  law 
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Figure  2:  Five  simulations  with  constant  viscosity  ly  =  10"^,  constant  energy 
input  e  ==  0.01  and  varying  helicity  input  S  =  (0.0001,0.001,0.005,0.01,0.08)  are 
shown.  The  absolute  values  of  the  helicity  flux  I(nf/)|  divided  by  6  is  plotted 
against  the  wave  number  divided  by  Kjj  =  /S'  which  is  obtained 

from  (1)  neglecting  0(1)  constants. 


applies.  In  this  range  there  is  a  detailed  balance  between  positive  and  negative 
helicity  associated  with  the  structures  where  the  energy  is  dissipated. 
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Abstract 

Extending  work  of  E,  Khanin,  Mazel  and  Sinai  [1]  on  the  one- dimensional 
Burgers  equation,  we  show  that  density  pdf’s  have  universal  power-law 
tails  with  exponent  -7/2.  This  behavior  stems  from  singularities,  other 
than  shocks,  whose  nature  is  quite  different  in  one  and  several  dimensions. 
We  briefly  discuss  the  possibility  of  detecting  singularities  of  Navier-Stokes 
turbulence  using  pdf  tails. 


1  Introduction 

In  recent  years  there  has  been  considerable  interest  in  probability  density  func¬ 
tions  (pdf)  for  Navier-Stokes  turbulence.  Similar  questions  can  be  asked  for 
random  solutions  of  Burgers  equation  ( “burgulence” ) .  We  are  interested  here  in 
the  tail  behavior  of  the  pdf  of  the  density  p  for  solutions  to  the  d-dimensional 
Burgers  equation  in  the  limit  of  vanishing  viscosity  (i/  -4  0): 

-j-  (v  •  V)v  =  V  =:  -VVa  (1) 

+  V  •  (pv)  =  0.  (2) 

The  initial  potential  V^’oC^o)  and  the  initial  density  po(ro)  are  random  functions  of 
the  space  variable.  This  problem  arises,  for  example,  in  the  study  of  large-scale 
structures  in  the  Universe  (see  Ref.  [2]  and  references  therein).  As  is  well  known, 
the  Burgers  equation  leads  to  shocks  in  which  the  density  of  matter  is  infinite. 
Yet,  large  but  finite  densities  do  not  necessarily  occur  in  the  neighborhood  of 
shocks.  E  et  al  [1]  considered  a  related  problem  of  determining  the  pdf  of 
the  velocity  gradient  for  the  one-dimensional  Burgers  equation  with  large-scale 
and  white-in-time  random  forcing.  They  showed  that  large  negative  gradients 
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Figure  1:  Pdf  of  the  velocity  gradient  at  negative  values  in  log-log  coordinates, 
for  one-dimensional  kicked  burgulencc.  A  power  law  with  exponent  —7/2  is 
obtained  over  two  decades.  Simulation  uses  a  modification  of  the  Fast  Legendre 
Tiansform  algorithm  of  Ref.  [5]. 


come  from  “preshocks”  (nascent  shocks)  which  contribute  a  power-law  tail  with 
exponent  -7/2  to  the  pdf.  Preshocks  correspond  to  fast  fluid  particles  catching- 
up  for  the  first  time  with  slow  ones.  They  constitute  discrete  events  in  (Eulerian) 
space  time.  We  have  shown  that  the  -7/2  law  for  the  pdf  of  (negative)  velocity 
gradients  in  one  dimension  applies  also  (i)  for  decaying  (unforced)  “burgulence” 
with  smooth  (i.e.  large-scale)  random  initial  conditions  [3]  and  (ii)  for  the  case  of 
a  deterministic  time  and  space-periodic  force  which  is  a  sum  of  delta  functions 
in  time  with  smooth  space  dependence  [4].  For  this  “kicked  burgulence”,  the 
-7/2  law  was  also  obtained  numerically  (sec  Fig.  1). 

2  “Kurtoparabolic”  points  and  the  -7/2  law 

We  turn  now  to  the  multi-dimensional  problem  (l)-(2)  with  smooth  and  ran¬ 
dom  initial  conditions  (for  details  see  R,ef.  [2]).  As  is  known,  the  one  or  multi¬ 
dimensional  viscous  Burgers  equation  can  be  solved  explicitly  by  means  of  the 
Colc-Hopf  transformation.  ^From  this,  b.y  taking  the  limit  n  0,  a  “maximum 
representation”  can  be  derived  for  the  velocity  potential 

i/)(r,  i)  =  max  ^V^oCro)  -  ■  (3) 

The  maximum  is  achieved  at  a  point  at  which  the  gradient  of  the  r.h.s.  vanishes, 
leading  to  r  =  ro  +  fv(ro,0).  From  this  it  follows  that  tq  is  a  Lagrangian 
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coordinate.  The  “naive”  Lagrangian  map  ro  ^  r  given  by  this  relation  is  however 
not  invertible,  except  for  short  times.  The  requirement  that  the  maximum  in 
(3)  is  global  can  be  recast  in  geometrical  terms  by  introducing  the  Lagrangian 
potential  (p{rQ,t)  =  iV'o(ro)  - 1 1*0 1^/2  and  the  “proper”  Lagrangian  map  ro  r  = 
-V(pc{^o,t),  where  (pc  is  the  convex-hull  of  ip  with  respect  to  ro-  For  example, 
in  one  dimension,  the  graph  of  (pc  is  obtained  by  tightly  pulling  a  string  over 
the  graph  of  (p.  The  graph  of  (pc  coincides  with  that  of  (p  at  regular  points, 
wherever  fluid  particles  have  not  yet  fallen  into  shocks.  It  also  contains  linear 
and  ruled  manifolds  associated  to  the  different  types  of  shocks:  segments  when 
d  =  1,  triangles  and  ruled  surfaces  when  d  =  2,  etc.  Conservation  of  mass 
implies  that  the  density  is  given,  at  regular  points,  by  p{T,t)  =  Po(ro)/‘^(ro, ^), 
where  J  is  the  Jacobian  of  the  Lagrangian  map.  (The  density  is  infinite  in 
shocks.)  Since  the  Jacobian  is  (up  to  a  factor  (—1)'^^)  equal  to  the  Hessian  of  the 
Lagrangian  potential  (determinant  of  the  matrix  of  second  space  derivatives), 
it  follows  that  large  densities  are  typically  obtained  only  near  parabolic  points. 
However,  arbitrarily  close  to  a  parabolic  point  there  are  generically  hyperbolic 
points  where  the  surface  defined  by  (p  crosses  its  tangent  (hyper)plane  and  which, 
therefore,  do  not  belong  to  its  convex  hull.  Yet,  there  exist  in  general  exceptional 
“kurtoparabolic”  points  which  are  parabolic  and  belong  to  the  boundary  of  the 
set  of  regular  points.  Near  such  points,  arbitrarily  large  densities  are  obtained. 
In  one  dimension,  the  only  kurtoparabolic  points  are  the  preshocks  which  are 
discrete  space-time  events  in  both  Eulerian  and  Lagrangian  coordinates.  In 
two  and  more  dimensions,  kurtoparabolic  points  are  also  born  at  preshocks  but 
persist  in  general  for  a  finite  time  (see  Fig.  2).  In  Eulerian  space,  they  are 
associated  to  boundaries  of  shocks  (e.g.  end  points  of  shock  lines  for  d  =  2). 


Figure  2:  The  Lagrangian  potential  in  two  dimensions,  just  after  a  preshock 
(left)  and  in  the  neighborhood  of  a  kurtoparabolic  point  (right).  Continuous 
lines:  separatrices  between  the  regular  part  and  the  ruled  surface  of  the  convex 
hull;  dotted  lines:  vanishing  of  the  Jacobian  of  the  Lagrangian  map.  A  and  A’ 
are  a  pair  of  kurtoparabolic  points  born  with  the  shock. 


We  just  indicate  general  ideas  involved  in  the  determination  of  the  density 
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pdf  for  random  initial  conditions  (which  need  not  be  homogeneous).  The  de¬ 
termination  of  the  large-/?  tail  of  the  cumulative  probability  distribution  of  the 
density  is  equivalent  to  finding  the  fraction  of  Eulerian  space-time  where  p  ex¬ 
ceeds  a  given  value.  The  latter  is  determined  by  changing  from  Eulerian  to 
Lagrangian  coordinates  and  using  a  suitable  normal  form  (i.e.  a  Taylor  expan¬ 
sion  to  the  relevant  order)  of  the  Lagrangian  potential  near  a  kurtoparabolic 
point.  The  theory  is  rather  different  in  one  dimension  and  higher  dimensions, 
because  kurtoparabolic  points  are  persistent  only  in  the  latter  case.  However, 
the  scaling  law  for  the  resulting  pdf,  namely  oc  /?“'^/■^  is  the  same  in  all  dimen¬ 
sions.  In  fact,  when  d  >  2,  two  orthogonal  spatial  directions  play  the  same  role 
as  space  and  time  in  one  dimension. 


3  Detecting  Navier-Stokes  singularities 

It  is  clear  that  the  algebraic  tail  of  the  pdf  of  velocity  gradients  or  of  density  for 
burgulence  comes  from  identified  singularities.  Measurements  of  pdf’s  for  space 
or  time  derivatives  of  Eulerian  velocities  for  incompressible  three-dimensional 
Navier-Stokes  turbulence  have  not  revealed  power  law  tails,  but  such  tails  may 
just  have  been,  so  far,  “lost  in  the  experimental  noise”.  There  has  indeed  been 
considerable  speculations  about  singularities  of  the  Navier-Stokes  equations  in 
the  inviscid  limit.  If  singularities  with  divergent  gradients  are  present,  they  will 
give  power-law  tails,  at  least  as  intermediate  asymptotics  when  the  viscosity  is 
small  (the  converse  is  however  not  true,  since  statistical  effects  not  related  to 
singularities  can  also  give  power  laws).  The  confirmed  absence  of  power  laws 
would  probably  rule  out  singularities. 
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1  Introduction 

Was  the  primordial  universe  turbulent  or  non-turbulent  soon  after  the  Big  Bang? 
How  did  the  hydrodynamic  state  of  the  early  universe  affect  the  formation  of 
structure  from  gravitational  forces,  and  how  did  the  formation  of  structure  by 
gravity  affect  the  hydrodynamic  state  of  the  flow?  What  can  be  said  about 
the  dark  matter  that  comprises  99.9%  of  the  mass  of  the  universe  according 
to  most  cosmological  models?  Space  telescope  measurements  show  answers  to 
these  questions  persist  literally  frozen  as  fossils  of  the  primordial  turbulence  and 
nonturbulence  that  controlled  structure  formation,  contrary  to  standard  cosmol¬ 
ogy  which  relies  on  the  erroneous  Jeans  1902  linear-inviscid- acoustic  theory  and 
a  variety  of  associated  misconceptions  (e.  g.,  cold  dark  matter).  When  effects  of 
viscosity,  turbulence,  and  diffusion  are  included,  vastly  different  structure  sce¬ 
narios  and  a  clear  explanation  for  the  dark  matter  emerge  [1].  From  Gibson’s 
1996  theory  the  baryonic  (ordinary)  dark  matter  is  comprised  of  proto-globular- 
star-cluster  (PGC)  clumps  of  hydrogenous  planetoids  termed  “primordial  fog 
particles” (PFPs),  observed  by  Schild  1996  as  “rogue  planets  ...  likely  to  be  the 
missing  mass”  of  a  quasar  leasing  galaxy  [2].  The  weakly  collisional  non-baryonic 
dark  matter  diffuses  to  form  outer  halos  of  galaxies  and  galaxy  clusters  [3]. 


2  Fluid  mechanics  of  structure  formation 

Before  the  1989  Cosmic  Microwave  Background  Experiment  (COBE)  satellite, 
it  was  generally  assumed  that  the  fluid  universe  produced  by  the  hot  Big  Bang 
singularity  must  be  enormously  turbulent,  and  that  galaxies  were  nucleated  by 
density  perturbations  produced  by  this  primordial  turbulence.  George  Gamov 
1954  suggested  galaxies  were  a  form  of  “fossil  turbulence” ,  thus  coining  a  very 
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useful  terminology  for  the  description  of  turbulence  remnants  in  the  stratified 
ocean  and  atmosphere,  Gibson  1980  —  1999.  Other  galaxy  models  based  on 
turbulence  were  proposed  by  von  Weizsacker  1951,  Chandrasekhar  1952,  Oz- 
ernoi  and  colleagues  in  1968  —  1971,  Oort  1970,  and  Silk  and  Ames  1972.  All 
such  theories  were  rendered  moot  by  COBE  measurements  showing  tempera¬ 
ture  fluctuation  values  ST /T  of  only  10”^  at  300,  000  years  compared  to  at  least 
lO"'"^  for  the  plasma  if  it  were  turbulent.  At  this  time,  the  opaque  plasma  of 
hydrogen  and  helium  had  cooled  to  3, 000  K  and  become  a  transparent  neutral 
gas,  revealing  a  remarkable  photograph  of  the  universe  as  it  existed  at  10^^  s, 
with  spectral  redshift  z  of  1100  due  to  straining  of  space  at  rate  7  l/t. 

Why  was  the  primordial  plasma  before  300, 000  years  not  turbulent?  Steady 
inviscid  flows  are  absolutely  unstable.  Turbulence  always  forms  in  flows  with 
Reynolds  number  Re  =  SyL/v  exceeding  Rccr  ~  100,  where  u  is  the  kinematic 
viscosity  of  a  fluid  with  velocity  differences  Sv  on  scale  L,  Landau-Lifshitz  1959. 
Thus  either  v  at  10^^  s  had  an  unimaginably  large  value  of  9  x  10^^  m^  s"^ 
at  horizon  scales  Lh  =  ct  with  light  speed  velocity  differences  c,  or  else  grav¬ 
itational  structures  formed  in  the  plasma  at  earlier  times  and  viscosity  plus 
buoyancy  forces  of  the  structures  prevented  strong  turbulence. 


3  Fossils  of  first  structure  (proto-supervoids) 

The  power  spectrum  of  temperature  fluctuations  ST  measured  by  COBE  peaks 
at  a  length  3  x  10^^  m  which  is  only  1/10  the  horizon  scale  ct,  suggesting  the 
first  structure  formed  earlier  at  10^^  s  (30,000  years).  The  photon  viscosity  of 
the  plasma  7/  =  c/nar  was  4  x  10“-^*^  m^  s"^  then,  with  free  electron  number 
density  77,  =  10^°  m“‘'^  and  ar  the  Thomson  cross  section  for  Compton  scatter¬ 
ing.  The  baryon  density  p  was  3  x  10“^’^  kg  m“^,  which  matches  the  density  of 
present  globular-star-cliisters  as  a  fossil  of  the  weak  turbulence  at  this  time  of 
first  structure.  The  fragmentation  mass  p{ct)^  of  lO"^*^  kg  matches  the  observed 
mass  of  superclusters  of  galaxies,  the  largest  structures  of  the  universe.  Because 
R.e  ^  Rocrit,  the  horizon  scale  ct  =  3  x  10^°  m  matches  the  Schwarz  viscous 
scale  Lsv  ~  3,t  which  viscous  forces  Fy  —  pjL'^  equal  gravitational 

forces  Fg  =  and  also  the  Schwarz  turbulence  scale  Lst  =  l(pG)^^‘^ 

at  which  inertial- vortex  forces  Fi  =  equal  Fq,  where  e  is  the  viscous 

dissipation  rate  [1].  Further  fragmentation  to  proto-galaxy  scales  is  predicted 
in  this  scenario,  with  the  nonbaryonic  dark  matter  diffusing  to  fill  the  voids  be¬ 
tween  constant  density  proto-supercluster  to  proto-galaxy  structures  for  scales 
smaller  than  the  diffusive  Schwarz  scale  Lsd  =  where  D  is  the 

dift'usivity  of  the  nonbaryonic  dark  matter  [1].  Fragmentation  of  the  nonbary¬ 
onic  material  to  form  superhalos  implies  D  =  10^®  m^  s“^,  from  observation  of 
present  superhalo  sizes  Lsd  and  densities  p  [3],  trillions  of  times  larger  than  D 
for  H-He  gas  with  the  same  p. 


Fossils  of  turbulence  and  non-turbulence  in  the  primordial  u  ... 
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4  Fossils  of  the  first  condensation  (as  “fog”) 

Photon  decoupling  dramatically  reduced  viscosity  values  to  i/  =  3  x  10^^  m'^ 
s~^  in  the  primordial  gas  of  the  nonturbulent  10^°  m  size  proto-galaxies,  with 
7  =  10"^^  s“^  and  p  =  10“^’^  kg  m"^,  giving  a  PFP  fragmentation  mass  range 
Msv  ~  Mst  ~  10^^  -  10'^^  kg,  the  mass  of  a  small  planet.  Pressure  decreases 
in  voids  during  fragmentation  as  the  density  decreases,  to  maintain  constant 
temperature  from  the  perfect  gas  law  T  =  pfpR,  where  R  is  the  gas  constant, 
for  scales  smaller  than  the  acoustic  scale  Lj  =  Vs /{pG)^^^  of  Jeans  1902,  where 
Vs  is  the  sound  speed.  However,  the  pressure  cannot  propagate  fast  enough 
in  voids  larger  than  Lj  so  they  cool.  Hence  radiation  from  the  warmer  sur¬ 
roundings  can  heat  such  large  voids,  increasing  their  pressure  and  accelerating 
the  void  formation,  causing  a  fragmentation  within  proto-galaxies  at  the  Jeans 
mass  of  10^^  kg,  the  mass  of  globular-star-clusters.  These  proto-globular-cluster 
(PGC)  clumps  of  PFPs  provide  the  materials  of  construction  for  everything  else 
to  follow,  from  stars  to  people.  Leftover  PGCs  and  PFPs  thus  comprise  present 
galactic  dark  matter  inner  halos  which  typically  have  expanded  to  about  10^^ 
m  (30  kpc)  of  the  core  and  exceed  the  luminous  (star)  mass  by  factors  of  10-30. 


5  Observations 

Observations  of  quasar  image  twinkling  frequencies  reveal  that  the  point  mass 
objects  which  dominate  the  mass  of  the  lens  galaxy  are  not  stars,  but  “rogue 
planets...  likely  to  be  the  missing  mass”,  Schild  1996,  independently  confirm¬ 
ing  this  prediction  of  Gibson  1996.  Other  evidence  of  the  predicted  primordial 
fog  particles  (PFPs)  is  shown  in  Hubble  Space  Telescope  photographs,  such  as 
thousands  of  10-^^  kg  “cometary  globules”  in  the  halo  of  the  Helix  planetary 
nebula  and  possibly  like  numbers  in  the  Eskimo  planetary  nebula  halo.  These 
dying  stars  are  very  hot  (100, 000  K  versus  6, 000  K  normal)  so  that  many  PFPs 
nearby  can  be  brought  out  of  cold  storage  by  evaporation  to  produce  the  10^^ 
m  protective  cocoons  that  make  them  visible  to  the  HST  at  10^^  m  distances. 


6  Summary  and  conclusions 

The  Figure  summarizes  the  evolution  of  structure  and  turbulence  in  the  early 
universe,  as  inferred  from  the  present  nonlinear  fluid  mechanical  theory.  It  is 
very  different,  very  early,  and  very  gentle  compared  to  the  standard  model, 
where  structure  formation  in  baryonic  matter  is  forbidden  in  the  plasma  epoch 
because  Lj  is  larger  than  Lh  =  ct  and  galaxies  collapse  at  140  million  years 
(redshift  z=20)  producing  10^®  kg  Population  HI  superstars  that  explode  and 
re-ionize  the  universe  to  explain  the  missing  gas  (sequestered  in  PFPs).  No  such 
stars,  no  galaxy  collapse,  and  no  re-ionization  occurs  in  the  present  theory.  To 
produce  the  structure  observed  today,  the  concept  “cold  dark  matter”  (CDM) 
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was  invented;  that  is,  a  hypothetical  non-baryonic  fluid  of  “cold”  (low  speed) 
collisionless  particles  with  adjustable  Lj  small  enough  to  produce  gravitational 
potential  wells  to  drive  galaxy  collapse.  Cold  dark  matter  is  unnecessary  in  the 
present  theory.  Even  if  it  exists  it  would  not  behave  as  required  by  the  stan¬ 
dard  model.  Its  necessarily  small  collision  cross  section  requires  Lsd  >  Lj  so 
it  would  diffuse  out  of  its  own  well,  without  fragmentation  if  Lsd  >  Lh-  The 
immediate  formation  of  “primordial  fog  particles”  from  all  the  neutral  gas  of 
the  universe  emerging  from  the  plasma  epoch  permits  their  gradual  accretion 
to  form  the  observed  small  ancient  stars  in  dense  globular-star-clusters  known 
to  be  only  slightly  younger  than  the  universe.  These  could  never  form  in  the 
intense  turbulence  of  galaxy  collapse  in  the  standard  model  because  Lst  scales 
would  be  too  large. 


Fluid  Mechanical  Theory  of  Structure  Formation 
During  the  First  Iliree  Million  Years 


;  (E;  ('0  vea-.;-.: 

z^ilOO  7-200 


Turinifeiice  rih.b.ted  by  photxjn  v,fec;o«:]fy  Turbufence  iihibied  by  buoyancy 
and  buoyancy  forces  of  first  otruccure  forces  ii  prinordHlfog  partbbs 


Figure  1:  Evolution  of  structure  and  turbulence  in  the  early  universe 
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1  Power  fluctuations  in  a  conflned  turbulent  flow 

In  the  study  of  turbulence,  much  work  has  been  devoted  to  the  description 
of  small  scale  properties.  Experimental  data  and  models  have  been  concerned 
with  the  scaling  of  local  quantities  such  as  the  velocity  increment  5u{r)  =< 

-py.)  _  u(^x)  >x-  It  has  then  been  shown  that  a  key  feature  is  the  statistics  of 
the  energy  transfer  rate  from  the  integral  to  the  dissipative  scale.  However  in  the 
development  of  a  statistical  description  of  turbulence  it  will  be  necessary  to  link 
these  observations  to  the  behaviour  of  global  quantities,  as  is  done  in  statistical 
thermodynamics  and  dynamical  systems  driven  far  from  equilibrium  [1].  In 
particular,  little  is  known  about  the  global  power  consumption  P  of  a  fully 
turbulent  flow.  The  standard  phenomenology  assumes  that  P  is  constant  in 
time,  or  that  it  has  very  small  Gaussian  fluctuations.  Recent  studies,  both 
experimental  [2],  and  numerical  [3]  have  shown  that  this  is  not  always  so,  at 
least  for  finite  Reynolds  numbers.  We  present  experimental  measurements  of 
P{t)  in  the  case  of  a  closed  flow,  in  an  experiment  that  covers  two  decades  in 
Reynolds  number.  The  flow  is  confined  in  a  cylinder  and  driven  by  two  counter¬ 
rotating  coaxial  disks.  The  power  consumption  of  the  flow  is  measured  from  the 
voltage  and  current  consumption  of  the  motors  driving  the  disks  [2].  Using  gases 
of  varying  molecular  weights,  Reynolds  numbers  between  15000  and  500,000  are 
achieved  [4]. 

The  power  consumption  Pi  (t)  and  P2  (t)  of  the  motors  driving  the  two  disks 
are  shown  in  Fig  1,  where  simultaneous  power  drops  can  be  seen  over  a  wide 
range  of  amplitudes.  The  data  illustrates  that  coherent  fluid  motion  occurs  over 
the  entire  flow  and  that  the  coherent  flow  structure  is  responsible  for  power 
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Figure  1:  (a)  Variation  with  time  (measured  in  units  of  the  discs  rotation  period)  of 
the  injected  power  (measured  in  Watts,  for  each  disk  and  total),  (b)  cross-correlation 
(+)  and  auto-correlation  (<>,□)  functions  in  time  of  Pi  and  P2. 


Figure  2:  (a)  PDF  of  normalized  power  fluctuations  over  the  entire  range  of  explored 
Re.  (b)  Evolution  of  the  rms  fluctuation  intensity  Prms/P-  The  conditions  and  plot 
symbols  for  both  plots  are  given  in  the  inset  of  figure  (b). 


fluctations  over  the  whole  range  of  observed  variation.  A  results  of  this  spatial 
correlation  is  that  one  cannot  expect  the  power  fluctuations  to  obey  Gaussian 
statistics  as  the  system  cannot,  at  any  instant,  be  divided  into  statistically  in¬ 
dependent  parts.  The  PDFs  for  the  power  consumption,  normalized  to  the  rms 
intensity,  are  shown  in  figure  2(a),  for  experiments  that  span  almost  two  or¬ 
ders  of  magnitude  in  Re.  We  observe  that  when  plotted  in  normalized  units 
(P  -  P)/Prjus,  all  the  measurements  collapse  onto  a  single  curve.  There  is  no 
evidence  that,  as  Re  increases,  the  power  fluctuations  will  eventually  reduce  to 
Gaussian  behaviour. 

The  variation  of  the  relative  intensity  of  the  power  fluctuations  is  also  of 
interest.  We  first  note  that  the  mean  value  of  the  power  consumption  is  set  by 
the  rate  at  which  kinetic  energy  is  supplied  at  large  scales.  Dimensional  analysis 
yields  P  =  KpL'^U^.  As  for  the  value  of  the  rms  fluctuations,  the  standard 
turbulence  phenomenology  would  assume  that  Prms/P  should  decrease  with 
increasing  Re  as  the  square  root  of  the  effective  number  of  degrees  of  freedom,  i.e. 
as  The  variation  measured  in  our  experiment  is  plotted  in  figure  2(b). 

We  observe  [4]  a  very  slow  decrease  of  Prms/P  ~  Re~^  with  a  =  0.33  ±  0.05, 
although  a  logarithmic  behavior  cannot  be  ruled  out. 
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2  Magnetization  in  the  critical  2DXY  model 

These  results  can  all  be  put  into  the  context  of  critical  phenomena  where  the 
diverging  correlation  length  ensures  the  same  property:  systems,  whatever  their 
size,  can  never  be  divided  into  statistically  independent  mesoscopic  regions.  We 
have  observed  [5]  that  power  fluctuations  in  confined  turbulence  and  the  global 
fluctuations  in  the  magnetization  of  the  2DXY  spin  model  at  a  critical  tempera¬ 
ture  share  same  PDF,  despite  the  systems  being  so  utterly  dissimilar.  We  show 
here  that  this  PDF  which  can  be  calculated  analytically  for  the  spin  model  is 
universal  in  the  sense  that  it  does  not  depend  on  system  size. 

In  the  spin  wave  limit,  the  Hamiltonian  of  the  2DXY  model  reads  H  = 
1  -  /2]  where  J  is  the  near  neighbour  exchange  constant 

for  angular  variables  9-,  that  occupy  a  square  lattice  with  periodic  boundary 
conditions.  The  magnetization  is  defined  as  m  =  l/AT  cos(^,;  —  9),  where  9  is 
the  instantaneous  mean  orientation.  This  model  is  critical  at  all  temperatures 
and  for  an  infinite  system  has  algebraic  correlations  on  all  length  scales.  In  the 
finite  system  the  lattice  constant  a  and  the  system  sizes  L  =  o.\/N  define  a 
natural  inertial  range.  The  model  can  be  diagonalized  in  Fourier  space,  which 
makes  it  very  convenient  for  analytical  work.  The  PDF  of  the  magnetization 
P{m)  can  be  expressed  as  the  Fourier  transform  of  a  sum  over  its  moments.  In 
Ref.  [6]  it  was  shown  that  the  moments  are  given  by  fin  =  where 

is  the  variance  and  the  gi^{k  =  2,3,4...)  are  sums  related  to  the  lattice  Green 
function  in  Fourier  space  G(q):  gk  =  The  fact  that  fin  oc  fi’^ 

means  that  a  change  of  Y"  or  T  is  equivalent  to  a  linear  transformation  of  the 
variate  m;  hence,  the  PDF  can  be  expressed  in  a  universal  form.  As  shown  in 
[6]  the  moment  series  can  be  resummed  to  give  the  following  expression,  exact 
to  leading  order  in  N: 


/  +  00 
-oo 


dx 

I'KG 


exp 


+  XI 


k=l 


(1) 


Here  y  =  {m  -  (m))/cr  and  (m)  is  the  mean  of  the  distribution.  Including  only 
g-y  in  (1)  would  give  a  Gaussian  PDF  with  variance  <7“.  However  the  terms  foi 
k  >  2  cannot  be  neglected  and  n(y)  =  aP{y)  is  a  non-Gaussian. 

Asymptotically  we  find  [8]  n(?/)  oc  \y\exp{p^by)  for  y  <C  1  and  n(y)  oc 
exp(-fe''(’^"^))  for  y  »  1,  with  b  =  Siry^g^  ^  1.105  and  s  =  0.745.  The 
asymptotic  forms  are  an  accurate  approximation  to  Eqn.  (1)  for  large  \y\',  they 
also  suggest  for  n(^)  the  following  functional  form 

n(2/)  =  Y  ;x  =  b{y  -  s),  a  =  n/2.  (2) 

This  function  must  obey  the  three  conditions  of  unit  area,  zero  mean  and  unit 
variance,  which  fixes  6,  s  and  K  to  values  slightly  different  to  those  found  an¬ 
alytically:  b  =  0.938,  s  ^  0.374,  K  =  2.14.  An  alternative  approach  is  to 
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choose  the  parameters  in  the  generalized  function  such  that 

the  first  four  Fourier  coefficients  match  Eqn.(l).  In  this  case  we  find  a  =  1.58, 
K  =  2.16,  b  =  0.934,  s  =  0.373,  in  satisfying  agreement  with  the  previous  esti¬ 
mates.  The  ratios  of  the  higher  order  Fourier  coefficients  differ  from  unity  only 
very  slowly,  showing  that  Eqn.  (2)  is  an  accurate  approximation  to  n(y).  This 
has  been  accurately  confirmed  by  numerical  simulation  [8].  In  Fig.  3  we  show 
that  Eqn.  (2)  does  indeed  give  an  excellent  fit  to  the  power  consumtion  data 
from  the  turbulence  experiment,  thus  confirming  our  analogy  with  a  critical  sys¬ 
tem  of  finite  size.  Finally  we  note  that  note  Eqn.  (2)  is  reminiscent  of  Gumbel’s 
first  asymptote  from  extremal  statistics  [7].  However,  our  finding  that  a  =  Trj 2 
rather  than  an  integer  value  suggests  that  the  fluctuations  are  not  dominated  by 
single  variables;  rather,  it  is  the  collective  excitations  of  the  whole  system  that 
are  responsible  [8]. 


Figure  3:  The  PDF  n(y)  as  found  from  a  numerical  Fourier  transform  of  Eqn.  (1) 
(long  dash),  from  Eqn.  (2)  (solid)  and  by  Molecular  Dynamics  simulation  of  a  system 
of  =  1024  classical  rotors  (dotted). 
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1  Introduction 

Since  the  early  studies  of  von  Karman  &  Howarth  [3]  on  isotropic  turbulence 
and  of  Batchelor  [1]  and  Chandrasekhar  [2]  on  axisymmetric  turbulence  research 
on  homogeneous  flows  has  in  recent  years  focused  on  flows  with  non-zero  mean 
velocity  gradient  where 

ir-ajc)  £-«*.«)-»  m 

i.e.  Bij  is  at  most  a  function  of  time.  These  type  of  flows  are  of  great  importance 
due  to  their  exemplary  character  for  practical  flows. 

As  for  the  von  Karman-Howarth  and  the  Chandrasekhar  equation  it  is  known 
that  homogeneous  flows  tend  to  self-similar  states  as  it  ->  oo.  Several  of  these 
limiting  states  have  been  implemented  into  common  RANS  models. 

Subsequently  we  derive  the  complete  set  of  all  those  Bij{t)  by  utilizing  group 
theoretical  methods  (Lie  groups)  which  allow  for  a  reduction  of  the  dependent 
variables  and  a  self-similar  states  as  <  --)•  oo. 

2  Multi-point  correlation  equation  for  homoge¬ 
neous  flows 

In  the  analysis  to  follow  we  will  only  investigate  the  two-point  correlation  equa¬ 
tion.  However,  it  is  important  to  note  that  all  results  to  follow  are  consistent  with 
all  multi-point  correlation  equations  up  to  infinite  order.  In  the  limit  Re  ^  oo 
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and  for  sufficient  large  correlation  distances,  i.e.  Irl  >  77  where  77  is  the  Kol¬ 
mogorov  length,  the  two-point  correlation  equation  may  be  written  as 


dRi, 


dt 


^  =  -R,j  -  RikBj.it)  -  B,i{t)r, 


dri;  dvi  OTj 


(2) 


where  Rij  is  the  two-point  correlation  tensor,  piij  is  the  pressure- velocity  vector 
and  R{ik)j  is  the  two-point  triple  correlation  tensor. 

d~  R  ■ 

Viscosity  is  only  of  leading  order  for  the  dissipation  term  —  2^/ 

|r|  =  0(77).  Since  the  dissipation  term  is  “driven”  by  the  large  eddies  we  can 
deduce  that  once  a  solution  for  Rij  in  (2)  is  obtained  the  dissipation  term  may 
be  obtained  by  matching  the  correlation  functions  in  the  limit  r*  — >  0.  In  other 
words  dissipation  may  be  derived  from  the  one-point  correlation  equation. 


3  Symmetries  and  scaling  laws  of  homogeneous 
turbulence 

Origin  from  the  Navier-Stokes  equations  in  the  limit  of  infinite  Reynolds  number 
we  may  expect  the  maximum  symmetry  group  for  equation  (2)  to  comprise  two 
scaling  groups  X.^-i  (scaling  of  space)  and  (scaling  of  time),  three  rotation 
groups  X,.j2,  X,.2,.,  and  X,.3j  and  translation  in  time  X/.  Since  the  symmetry 
groups  constitute  a  linear  vector  space  we  maj^  write  the  linear  combination 

X/77’  =  A-’/X/  -f  Av,2X,.j2  +  kr23^r23  +  +  ks2^S2i  (3) 

where  the  ki  are  arbitrary  constants.  Representation  details  on  the  X,;  are  given 
in  Oberlack  [4]. 

For  mathematical  convenience  we  separate  B-ij  into  a  symmetric  and  an  anti¬ 
symmetric  part  Sij  and  Aij  respectively.  Without  loss  of  generality  we  may 
rotate  the  coordinate  s^'^stem  as  such  that  Sij  is  diagonal.  Hence  we  obtain 

/5j  0  0  \  /  0 

Bij  =  0  52  _  0  _  +  0  ^23  .  (4) 

yO  0  --(51-1-52)/  \  ^31  -^23  0  / 

' - V - '  ' - ' 

Sij  Aij 

Cases  with  Bij  =  0  will  not  be  considered  here  since  they  have  exhaustively 
been  discussed  in  the  literature  [1,  2,  3].  In  isotropic  turbulence  all  three  rotation 
groups  arc  considered  simultaneously  while  axisymmctric  turbulence  encompass 
only  one  rotation  group. 

For  Bij  7^  0  two  general  cases  need  to  be  distinguished:  constant  Bij  and 
time-dependent  Bij.  Due  to  space  limitations  only  parts  of  the  results  can  be 
presented.  Details  may  be  taken  from  [4]. 
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3.1  Constant  Bij 

For  any  combination  of  parameters  Bij  and  and  system  rotation  rate  Qf.,  scaling 
of  time  is  always  broken  and  hence  ks^  =0.  Physically  speaking  this  is  due  to  the 
external  time  scale  =  l/\\Bij\\  or  ^  l/\flk\  which  precludes  an  arbitrary 
scaling  of  time.  In  addition  it  is  shown  that  at  most  one  rotation  group  is 
admitted.  This  is  if  Sij  describes  axisymmetric  expansion  or  contraction  and 
if  Ajj  and  flk  represent  rotation  about  the  same  axis.  If  at  least  two  of  Sij, 
Aij  and  Clk  are  non-zero  and  deviate  from  this  alignment  no  rotation  group  is 
admitted. 

The  corresponding  reduction  for  the  long-time  behaviour  is  due  to  the  new 
coordinates 

h  =  nexp(^-’^t^  ,  Rij=exp^2^tjRij{f),  (5) 

independent  of  the  fact  whether  a  rotation  group  is  admitted  or  not. 


3.2  Time-dependent  Bij 

For  the  present  case  Bij  will  not  be  separated  into  Sij  and  Aij.  Using  symme¬ 
try  group  analysis  it  turned  out  that  the  maximum  number  of  symmetries  are 
admitted  by  equation  (2)  if  Bij  is  a  solution  of  the  equation 


-f  kt)  =  -ks.Bij  +  kr.Ai  -  .  (6) 

In  contrast  to  the  previous  cases  where  the  group  parameter  ki  were  merely 
determined  by  the  form  of  Bij  all  constants  in  (6)  can  be  chosen  freely.  Due  to 
space  limitation  we  cannot  give  all  possible  solutions  of  (6)  and  will  restrict  to 
the  case  when  k^j  #  /  0  and  kg^  is  either  zero  or  non-zero: 


4  =  0(t)|s°-  cos(2k,<.)  +  {eMk,.,Slj+ejMkr,Sti) 

cos(k,.  tA  -  cos(2  k,.  tA 


-f  ^krikti^S^.j  +  krjkr^Sli  -  -  %  kr^S^ik-r 
+  {kpi  ^klj  kpk  ^Ini  T  krj  Cklikr^  ) 


ka 


sin(2  kr  tA  -  sin(k.,.  U) 


and 


.ILL  .IsAk  S°k  3  +  c°"(2l<rt.)-4cos(k,t.) 


Aij  —  +  {kriA^jiJtr^  -  kr.A°i.kr^)  1 

+  {A%e,j,K,-eu.,kr,Alj)  5^^^}  . 


(7) 


(8) 
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where 


e{t)  =  1  , 
©(*)  = 


k. 


kg.-y  t  -l-  ki 


=  TT 

h 

1  , 

TT 

^S2 

1.2  _  1.2  , 


for  A:s2  =  0  , 

(9) 

ks2 1  kt\ 

.  h  ) 

for  kg.,  7^  0  , 

(10) 

',■23  +  ^',-31 

(11) 

and  Sfj  and  denote  initial  conditions.  For  brevity  the  corresponding  reduc¬ 
tion  for  the  long-time  behaviour  is  given  in  short  form 

f,o:e,(t){-}  ,  RijCK0-2itf{-},  (12) 


where 

9[{t)  =  exp  ,  ^2{i)  =  exp  —  0,  (13) 

0i{t)  =  ,  02{t)  =  “  for  kso  7^  0,  (14) 

and  the  terms  in  curly  brackets  are  trigonometric  function  of  time  (see  [4]). 

It  should  be  noted  that  from  the  constants  in  (13)  and  (14)  only  the  group 
parameter  corresponding  to  scaling  of  space  (/c*-, )  cannot  be  determined  freely 
and  will  adjust  due  to  the  how. 


4  Summary  and  conclusion 

Systematic  symmetry  reductions  have  been  carried  out  for  the  two-  and  multi¬ 
point  correlation  equations  leading  to  equations  analogous  to  the  von  Karman- 
Howarth  equation.  It  is  important  to  note  that  since  group  theory  has  been  used 
the  analysis  is  complete  in  the  sense  that  no  other  than  those  Bij  derived  above 
exist  which  lead  to  reductions  in  the  correlation  equations. 
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1  Introduction 

There  are  two  main  types  of  additives  that  could  considerably  reduce  the  friction 
-  polymers  and  surfactants.  Long  chain  polymers  are  very  efficient  at  concentra¬ 
tions  even  less  than  1  ppm,  but  their  main  disadvantage  is  their  non- reversible 
degradability  when  passing  through  pumps  or  other  region  with  shear  stress  ex¬ 
ceeding  a  critical  level.  On  other  hand,  molecules  of  surface-active  agents  (sur¬ 
factants)  dissolved  in  water  form  large  aggregates  -  micelles.  Many  geometrical 
shapes  of  the  micelles  can  be  found  but  under  some  specific  conditions  the  worm¬ 
like  geometry  is  formed.  With  additional  increase  of  surfactant  concentration 
the  worm-like  micelles  start  to  build  up  hyper-structures  that  are  aligned  in  flow 
direction  under  shear  flow.  They  can  considerably  damp  the  turbulence,  which 
results  in  a  decrease  of  pressure  losses  in  turbulent  flows.  When  the  flow  shear 
rate  exceeds  a  critical  value,  the  drag  reduction  effectiveness  is  temporally  lost, 
but  decreasing  the  shear  rate  below  a  critical  value  the  original  drag  reduction 
efficiency  is  regained.  The  present  paper  deals  with  experimental  investigation  of 
turbulent  structure  of  drag  reducing  worm-like  surfactant  systems.  We  have  in¬ 
vestigated  two  types  of  surfactant  aqueous  solutions  -  a  cationic  surfactant  CTAC 
(cetyl  trimethyl  ammonium  chloride)  with  NaSal  (Sodium  salicylate)  as  counte¬ 
rion  (concentration  0.4/0. 5  g/1)  and  a  biologically  degradable  zwitterionic  surfac¬ 
tant  SPE98330  (N-cetylbetaine  in  mixture  with  Na-dodecylbenzenesulphonate, 
product  of  Akzo  Chemicals,  Sweden,  concentration  1.1  g/1). 


2  Experimental  set-up 

The  experiments  were  done  in  a  horizontal  smooth  glass  pipe  DN  40  (inner  di¬ 
ameter  40  mm) .  The  measurements  were  performed  by  means  of  LDA  technique. 
We  have  used  two-component  fibre  LDA  system  60X  (Dantec)  with  two  BSA 
(Burst  Spectrum  Analyzer)  to  evaluate  primary  Doppler  signals.  Inductive  flow 
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meter  and  differential  transducer  Hottinger-Baldvin  were  used  to  measure  bulk 
velocities  and  pressure  losses,  respectively.  Velocity  measurements  were  made 
in  the  distance  265 D  from  entering  section.  Both  surfactants  were  dissolved 
in  tap  water  and  according  to  the  recommendation  of  the  producer,  Trilon  A 
(Nitriloacetic  acid,  Na  salt)  was  added  to  the  SPE98330  solution.  Apparent  vis¬ 
cosities  measured  on  a  capillary  viscometer  at  20^(7  were  1.2  mPas  (SPE98330) 
and  1.87  mPas  (CTAC/NaSal). 

3  Results  and  discussion 

Influence  of  temperature  on  turbulent  friction  behaviour  is  shown  in  Fig.l,  where 
Colebrook- White  friction  factor  is  plotted  versus  Reynolds  number.  Here,  the 
solvent  viscosity  was  used  to  calculate  the  Reynolds  number.  Blasius  curve 
and  Virk’s  maximum  drag  reduction  asymptote  for  polymers  [3]  are  plotted  in 
full  lines.  Friction  factors  of  both  surfactants  (mainly  for  higher  temperature) 
are  well  bellow  the  polymer  asymptote  which  indicates  that  the  turbulence  be¬ 
haviour  of  the  surfactants  is  different  compared  to  polymers  and  drag  reduction 
effectiveness  is  even  higher  than  90  per  cents  [1]. 


Figure  1:  Influence  of  temperature  on  friction  factor  of  SPE98330  and 
CTAC/NaSal. 

Fig.  2  and  3  show  the  dependence  of  maximum  to  mean  velocity  ratio  and 
turbulence  intensities  of  longitudinal  velocity  component  measured  in  the  centre 
of  the  pipe  on  the  Reynolds  number.  The  ratio  of  maximum  to  mean  veloc¬ 
ity  is  much  higher  than  that  in  water  flow  and  its  decrease  with  Re  is  more 
abrupt. When  the  critical  stress  is  achieved  (SPE98330),  the  micelle  network 
structure  is  broken  down  and  the  maximum  velocity  is  approaching  the  mean 
velocity.  The  turbulence  intensities  of  both  surfactants  are  decreasing  with  in¬ 
creasing  R.eynolds  number,  minimum  values  are  reached  just  before  the  micelle 
network  breaks,  Fig. 3. 

Non-dimensional  velocity  profiles  of  SPE98330  (Re=79200,  T=33*^C),  CTAC 
/NaSal  (Re=79400,  T=23^C)  and  water  (Re=79700,  T=23^C')  expressed  in  the 
wall  units  n*^)  are  presented  in  Fig.  4.  The  velocity  data  of  surfactant 
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Figure  2:  Ratio  of  maximum  to  mean 
velocity  versus  Reynolds  number.  Sym¬ 
bols  as  in  Fig.l. 


Figure  3:  Turbulence  intensities  of  lon¬ 
gitudinal  velocity  component.  Symbols 
as  in  Fig.l. 


solutions  exhibit  very  interesting  behaviour.  SPE98330  data  follow  the  viscous 
sublayer  up  to  the  value  y'^  =28,  then  continue  in  the  steep  buffer  zone  (the 
slope  of  SPE98330  is  the  steepest  one  we  have  ever  measured)  and  finally  reach 
core  part  of  the  pipe,  where  the  velocities  are  practically  constant.  The  velocity 
profile  in  the  buffer  zone  of  SPE98330  can  be  approximated  by  the  equation 
=  64.51og2/’*"  —  65.3. 


Figure  4:  Dimensionless  velocity  pro-  Figure  5:  Dimensionless  profiles  of  Ion- 
files.  gitudinal  and  radial  velocity  fluctua¬ 

tions. 

Profiles  of  the  longitudinal  and  radial  velocity  fluctuation  components  (di¬ 
mensionless  by  friction  velocity)  are  shown  in  Fig.  5  for  the  same  values  of 
Reynolds  numbers  as  in  Fig.  4.  The  maximum  of  longitudinal  fluctuations, 
which  corresponds  to  the  value  ?/+  =  11  —  13  for  water  flows,  is  shifted  to  higher 
wall  distance  (about  =  70-100)  and  with  increasing  drag  reduction  the  max¬ 
imum  level  is  also  increasing.  On  the  other  hand,  radial  components  are  always 
lower  than  water  data.  Due  to  the  great  difference  of  radial  and  longitudinal 
components,  the  turbulence  field  can  not  be  considered  as  isotropic  even  in  the 
pipe  centre  where  such  an  assumption  could  be  done  for  water  flow.  Reynolds 
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stresses  are  practically  zero  in  the  whole  cross  section  of  the  pipe,  see  Fig.  6 
that  indicates  decoupling  of  u'  and  v' .  To  satisfy  momentum  balance  it  was 
confirmed  that  Reynolds  stress  deficit  (elastic  stresses)  occurs  [2].  This  stress 
deficit  can  be  regarded  as  mean  flow  energy  interacting  with  micelle  structure. 
The  values  of  Reynolds  stress  deficit  are  shown  in  Fig.  7  for  SPE98330. 
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O  water,  Re=1 20000 
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0.6  0.8  y/R  1  10'  10"  y+ 

Figure  6:  R.eynolds  stress  versus  nor-  Figure  7:  Reynolds  stress  deficit  versus 
malized  distance  y/R-  non-dimensional  wall  distance. 


4  Conclusions 

Based  on  the  measurements  of  turbulence  characteristics  in  worm  like  surfactants 
following  conclusion  could  be  drawn: 

•  Ratio  of  maximum  to  mean  velocity  is  higher  than  in  pure  water. 

•  Turbulence  intensities  in  the  centre  of  the  pipe  are  decreasing  with  increas¬ 
ing  Reynolds  number. 

•  Large  amount  of  mean  flow  energy  is  probably  consumed  on  the  interaction 
with  micelle  network  structures. 

This  research  was  supported  in  part  under  Grant  No.  A2060804  of  the  Grant 
Agency  of  the  ASCR,. 
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Abstract 

Pulsatile  flow  in  an  axi-symmetric  constricted  pipe  with  a  cross-sectional 
area  reduction  of  75%,  approximating  a  moderately  stenosed  artery  is 
studied  by  numerical  simulations  and  DPIV  measurements.  Our  studies 
have  shown  that  the  general  behaviour  of  the  post-stenotic  flow-field  is  the 
generation  of  a  starting  vortex  in  the  early  acceleration  phase  followed  by 
strething  of  this  vortex  due  to  the  presence  of  the  wall  and  eventually  a 
roll-up  of  additional  vortices  behind  the  starting  vortex.  At  higher  flow- 
rates  the  jet  core  break  down  if  the  Reynolds  number  is  high  enough  and 
generation  of  turbulence  occurs.  The  occurence  and  extent  of  the  above 
described  events  are  strongly  modulated  by  the  Reynolds  number  and  the 
Strouhal  number.  The  present  work  describes  the  post-stenotic  flow  field 
for  moderate  stenoses  in  the  largest  vessels  of  the  arterial  tree.  Focus  is 
on  describing  the  temporal  and  spatial  distribution  in  wall  shear  stress  in 
different  stages  of  the  flow  cycle. 


1  Introduction 

A  better  knowledge  of  pulsatile  flow  in  constricted  pipes  is  important  for  the 
understanding  of  the  impact  of  stenoses  on  the  local  hemodynamic  conditions 
in  man.  Interesting  fluid  mechanical  parameters  include:  pressure  drop  over  the 
constriction,  wall  shear  stress  distribution,  and  turbulent  stresses  in  the  flow.  It 
is  believed  that  the  local  changes  in  wall  shear  distribution  in  an  already  stenosed 
artery  are  of  significance  for  the  progress  of  the  disease  and  for  the  formation  of 
more  serious  conditions  like  post-stenotic  dilation  [1]. 

In  the  largest  arteries  the  peak  Reynolds  number  varies  from  600  to  4000, 
{Rep  =  UpD/p,  Up  is  the  peak  cross-sectional  velocity,  D  the  diameter  of  the 
artery,  and  v  the  kinematic  viscosity  of  the  fluid).  In  a  constricted  artery  the 
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local  Reynolds  number  can  reach  over  10000,  generating  turbulence  in  the  post¬ 
stenotic  region.  We  have  studied  constrictions  with  a  diameter  reduction  of 
50%  or  equivalently  an  area  reduction  of  75%.  Clinically  this  is  considered  as  a 
moderate  constriction,  but  the  local  hemodynamic  impact  of  such  a  constriction 
is  significant,  particularily  for  high  Reynolds  numbers.  Velocity,  vessel  diameter 
and  frequency  variations  are  limited  in  the  arterial  tree.  The  period  is  set  by 
the  heart,  the  diameters  range  from  0(mm)  to  0(cm)  and  the  peak  velocity  is 
0(0. 1-1  m/s).  According  to  [4]  the  flow-rate  in  the  first  branches  of  the  systemic 
circulation  is  proportional  to  the  square  of  of  the  diameter,  i.e.  the  peak  and 
mean  velocity  is  fairly  constant.  If  the  heart  rate  is  fixed  this  leads  to  that 
the  peak  Reynolds  is  linearly  related  to  the  Strouhal  number  (Re.p  =  kSt), 
{St  =  uD/Up)  where  u  denotes  angular  frequency. 

We  have  studied  numerically  the  properties  of  constricted  pipe  flows  for  a 
half-sinusoidal  flow-rate  pulse  for  Reynolds  numbers  in  the  range  1500-3000, 
and  Strouhal  numbers  between  0. 1-0.2.  Furthermore  the  numerical  method  is 
validated  for  steady  flow  through  a  75%  constriction  with  Re  =  2000  and  is 
shown  to  capture  the  essence  of  the  flow  both  qualitatively  and  quantitatively. 
A  similar  case  is  studied  for  a  higher  Reynolds  number  {Rcp  =  8560)  both 
numerically  and  experimentally  (DPIV). 


2  Methods 

The  fluid  is  treated  as  an  incompressible  Newtonian  fluid,  and  is  governed  by 
the  Navier-Stokes  equations.  The  equations  are  discretized  with  finite  differences 
on  a  three-dimensional  Cartesian  grid.  Details  on  the  numerical  method  can  be 
found  in  [5].  The  time-step  is  changed  during  the  pulsatile  cycle  to  approximately 
hold  a  maximum  constant  CFL  number.  In  all  simulations  this  is  set  between  1 
to  3.  Properties  of  the  cases  investigated  are  outlined  in  table  1.  The  geometric 
data  for  the  stenosis  referred  to  as  ’’Cosine”  is  given  in  [2]  and  for  ’’piecewise 
linear”  in  [3].  The  flow-rate  pulse  is  modelled  as  a  half  sine  profile  which  is 
a  reasonable  approximation  for  the  largest  arteries.  In  all  the  pulsatile  cases 
investigated  the  inlet  velocity  profile  is  flat  placed  at  three  diameters  upstream 
of  the  throat  corresponding  to  entry  flow.  For  the  stationary  case  (Case  1)  the 
inlet  profile  is  parabolic.  In  all  simulations  a  Neumann  condition  for  all  velocity 
components  is  applied  at  the  outlet.  Details  about  the  case  studied  by  DPIV 
(Case  6)  are  given  in  [3]. 


3  Results  and  Conclusions 

The  first  case  is  used  as  a  validation  case  for  the  numerical  method  and  as  a 
reference  case  for  the  structure  of  the  flow  field  close  to  peak  flow-rate  in  the 
pulsatile  cycle.  Figure  la  shows  contours  of  the  mean  axial  velocity  field  behind 
the  constriction  between  {x  —  xq)/D  =  -1  and  (.?;  —  xq)ID  =  6  (.xo  is  at  the 
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constriction  center).  Figure  lb  shows  a  comparison  between  numerical  results  for 
three  different  grids  together  with  the  experiments  by  [2],  for  the  time  averaged 
streamwise  velocity  along  the  centerline,  and  the  rms  values  of  the  fluctuation 
velocity  in  the  streamwise  direction  .  Figure  Ic  shows  the  rms  of  the  fluctuations 
in  the  circumferential  direction  along  the  centerline  and  the  mean  wall  shear 
stress  behind  the  stenosis  (Quantities  in  Fig.  1  are  non-dimensionalized  with  the 
mean  inlet  velocity). 

Table  1:  Cases  studied 


Case  nr. 

St 

L/D 

xO 

Constriction  shape 

1 

2000 

0 

12 

3 

Cosine 

2 

1500 

0.096 

12 

3 

Cosine 

3 

2000 

0.128 

12 

3 

Cosi  ne 

4 

3000 

0.192 

12 

3 

Cosine 

5 

400 

0.128 

12 

3 

Cosi  lie 

G 

8560 

0.114 

12 

3 

Piecewise  Linear 

Figure  1:  a.  Contours  of  mean  streamwise  velocity  (Case  1),  b.  Mean  streamwise 
velocity  along  the  centerline  (Upper  frame)  and  fluctuating  streamwise  velocity 
(Lower  frame),  c.  Fluctuating  circumferential  velocity  along  the  centerline  (Up¬ 
per  frame),  and  mean  wall  shear  stress  (Lower  frame) 


In  the  pulsatile  case  we  focus  on  the  flow  at  two  time  instants.  The  first  is  when 
the  flow-rate  is  half  of  its  maximum  value  in  the  acceleration  phase  (Tl)  and  the 
second  is  at  peak  flow  rate  (T2).  At  Tl  the  flow  is  characterized  by  a  leading 
vortex  and  the  generation  of  additional  vortices  behind  this  vortex.  Figure  2 
shows  vector  fields  at  this  instant  for  the  different  cases  and  Fig.  3a  shows  wall 
shear  stress  behind  the  stenosis  (Quantities  in  Fig.  3  are  non-dimensionalized  with 
the  inlet  velocity  at  peak  flow).  The  leading  vortex  generates  large  negative  wall 
shear  stress  values  compared  to  those  in  front  of  the  vortex  for  the  high  Reynolds 
number  cases  in  contrast  to  the  low  Reynolds  case  (Case  5).  For  Case  3  we  see 
that  the  negative  wall  shear  stress  induced  by  this  vortex  at  Tl  is  larger  than 
the  fully  developed  downstream  value  for  the  stationary  case  (Case  1).  For  the 
peak  phase  we  compare  properties  of  Case  3  with  those  of  Case  1.  For  Case  3  the 
mean  and  rms  values  have  been  obtained  by  averaging  over  12  cycles.  The  main 
conclusion  that  can  be  drawn  from  Figure  3  b  and  c  is  that  the  properties  of 
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the  flow  at  peak  flow-rate  are  similar  to  those  at  steady  flow  with  the  Reynolds 
number  equal  to  that  at  peak  flow-rate. 


Figure  2:  Vector  flelds  in  the  acceleration  phase  at  the  time  instant  corresponding 
to  half  of  the  maximum  flow-rate  (Tl) 


Figure  3:  a.  Wall  shear  stress  behind  the  stenosis  at  Tl,  b.  Averaged  streamwise 
velocity  along  the  centerline  at  T2  (Upper  frame)  and  fluctuating  streamwise 
velocity  at  T2  (Lower  frame),  c.  Fluctuating  circumferential  velocity  along  the 
centerline  a  T2  (Upper  frame),  and  normalized  mean  wall  shear  stress  at  T2 
(Lower  frame) 
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1  Introduction 

A  particle  tracking  system  is  used  to  measure  three-dimensional  velocities  in  the 
turbulent  flow  between  two  oscillating  grids.  We  show  that  particle  tracking 
can  be  used  for  quantification  of  the  anisotropy  of  the  turbulence  in  terms  of  an 
expansion  of  the  velocity  structure  tensor  in  spherical  harmonics.  The  tensors  of 
rank  two  and  four  quickly  becomes  isotropic  as  the  separation  decieases,  while 
the  behavior  is  obvious  for  the  tensor  of  rank  three. 

2  A  particle  tracking  experiment 

specially  prepared  polystyrene  particles  with  diameters  in  the  range  500-600  /im 
and  with  relative  densities  of  1  ±  10"^  are  used  for  3D  particle  tracking  in  a 
0.32  X  0.32  X  0.5  m  water  tank  with  two  oscillating  grids  producing  turbulence. 
Four  CCD  cameras  synchronized  with  a  stroboscope  record  continuously  the 


r  [mm]  ^  [mm] 

Figure  1:  Coefficients  Cjism  for  i  =  0  and  4  as  functions  of  r  for  the  structure 
tensor  of  rank  two.  All  isotropic  (dashed  curves)  and  axisymmetric  coefficients 
(solid  thick  curves)  are  labeled  with  the  quantum  numbers  I  and  s,  and  selected 
non-axisymmetric  coefficients  (thin  curves)  are  labeled  with  the  numbers  /,  s 
and  m. 
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positions  of  more  than  500  particles  with  a  precision  of  the  order  of  60  /im  in 
each  dimension.  Tlie  experiment  has  been  used  to  study  diffusion  of  particle 
pairs  in  three  dimensional  turbulence  [2,  3].  Experiments  analysed  here  have 
Rx  ^  100,  a  Kolmogorov  scale  of  0.25  mm  and  an  integral  scale  of  22  mm.  The 
measurements  can  be  used  to  calculate  the  Eulerian  velocity  structure  tensor  of, 
in  principle,  any  order. 

3  Expansion  of  the  Eulerian  velocity  structure 
tensor 

It  is  clear  that  the  two-grid  flow  is  not  isotropic,  but  how  anisotropic  is  it? 

One  way  of  answering  this  question  is  to  decompose  the  second  order  struc¬ 
ture  tensor  {6vp{r)5v(j{r))  using  spherical  harmonics. 

The  decomposition  of  the  second  order  structure  tensor  looks  like  this 

{Svp(r)Sv,,{r))  = 

oo  2  j+s  j 

ZEE  E  (1) 

j=0  .s=0  l-\j-s\  in  =  -j 

where  j,  /,  s,  and  m  are  integers  (also  called  quantum  numbers)  specifying 
uniquely  the  spherical  harmonic  functions  ,  which  constitute  an  orthonor¬ 
mal  basis,  i.e.  dQ  =  Sjj>Sii>6ss>Smm'  ^  The  2j  -{-  1  functions 

with  771  =  —j,  ...,j  form  a  rotation  invariant  subspace. 

Velocity  structure  tensors  of  higher  rank,  e.g.  {dvp{r)6v(^{r)S^}r{'^) ■■■)  can  be 
expanded  in  similar  ways.  The  basis  functions  become  more  cumbersome 

to  construct  and  the  summation  over  s  in  (1)  has  to  go  from  zero  to  the  rank. 

The  structure  tensor  has  two  properties  which  make  some  of  the  coefficients 
Cjism  zero.  Interchanging  the  two  points  defining  the  velocity  difference  6v(r)  = 
v{x-{-r)~  v(x)^  is  equivalent  to  multiplying  by  the  factor  (-1)^,  where  R  is  the 
rank.  Since  the  parity  of  is  (— 1)^  this  implies  that  even  rank  Cs  are  zero 

for  I  odd,  and  odd  rank  Cs  are  zero  for  I  even.  In  addition  to  this,  symmetry 
in  the  indices  implies  that  all  even  rank  coefficients  with  s  odd,  and  odd  rank 
coefficients  with  s  even  are  zero.  Arad  et  at  [1]  discuss  a  similar  expansion,  but 
for  the  less  symmetric  case  of  the  correlation  function. 

The  squared  norm  is 

/tt 

=  Y  I'  +  E  1'  +  E  I'  (2) 

j=0  j?i  =  0  tlicrest 

' - - - '  j>0 

isotropic  ' 

axi-symmetric 
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Table  1:  Number  of  index  symmetric  basis  functions  with  parity  (-1)^. 

All  basis  functions  used  in  this  paper  are  indicated.  The  number  of  axi- 
symmetric  functions  are  also  shown. 


j 

# 

rank  2 
axi-symm. 

# 

rank  3 
axi-symm. 

# 

rank  4 
axi-symm. 

0 

2 

2 

2 

2 

3 

3 

1 

3 

1 

6 

2 

5 

2 

2 

20 

4 

25 

5 

35 

7 

3 

14 

2 

4 

36 

4 

and  there  are  similar  expressions  for  the  tensors  of  rank  3  and  4  etc.  In  (2)  we 
split  f  (SvpSVfjf  dft  into  just  three  parts:  the  isotropic  part,  the  axi-symmetric 

part  and  the  rest.  Figure  1  shows  one  of  the  few  examples  where  a  j  >  0  and 
m  /  0  coefficient  is  significantly  different  from  zero.  We  believe  this  is  caused 
by  the  quadratic  cross  section  of  our  tank  which  introduces  a  departure  from 
exact  axi-symmetry. 

Experimentally  it  becomes  very  difficult  to  measure  things  as  j  and  m  in¬ 
crease.  We  have  not  attempted  to  go  beyond  j  =  4  for  the  second  order  structure 
function.  There  are  75  coefficients  with  j  <  4.  For  the  rank  3  and  rank  4  tensors 
we  limit  ourselves  to  j  <  2,  giving  33  and  44  coefficients,  respectively,  see  table  1. 


4  Results 

Disregarding  anomalous  scaling  the  isotropic  coefficients  are  supposed  to  be  pro¬ 
portional  to  where  R  is  the  rank.  In  the  analysis  of  the  effects  of  shear 

on  anisotropy  of  atmospheric  surface  layer  turbulence  Wyngaard  and  Cote  [4] 
proposed  that  (5ui (a:i)5u3(.Ti))  a  where  dUi/dx-^  is  the  mean  ver¬ 

tical  shear.  This  correlation  is  zero  in  isotropic  turbulence.  We  propose  that  in 
general  anisotropic  coefficients  scale  as  T'~^e  3  r  3  ' ,  where  T  is  a  time  scale 
characterising  the  anisotropy.  The  squared  isotropic  and  axisymmetric  coeffi¬ 
cients  in  (2)  thus  scale  as  4/3  and  8/3  for  rank  2,  2  and  10/3  for  rank  3,  and  8/3 
and  4  for  R  =  4.  Figure  2  shows  that  this  is  not  far  off  for  R  =  2  and  i?  =  4, 
but  for  R  =  3  the  scaling  fails  for  our  low  Rx  flow. 
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1  Introduction 

One  of  the  challenging  question  in  physics  is  to  describe  and  to  undestand  the 
statistical  properties  of  turbulence  at  large  Reynolds  number  Re.  In  the  last  few 
years,  the  use  of  Direct  Numerical  Simulations,  the  continuous  refinement  of  lab¬ 
oratory  experiments  as  well  as  new  theoretical  ideas  allowed  a  real  breakthrough 
in  our  understanding  of  turbulence  at  least  for  what  concerns  the  delicate  issue 
of  intermittency.  It  is  the  aim  of  this  paper  to  review  part  of  this  work. 

Let  me  consider  an  observable  Q{s)  where  s  is  the  ’’scale”  of  the  observable  Q 
(for  the  time  being  the  definition  of  the  scale  is  arbitrary  and  does  not  play  any 
role  in  what  follows).  I  assume  that  (5  is  a  random  field  with  probability  distri¬ 
bution  Ps{Q)-  Moments  of  Q  are  defined  as  Fn{s)  =  f  Ps{Q)Q'^dQ  (note  that 
the  integral  is  not  made  with  respect  to  s).  If  Fn{s)  satisfy  the  scaling  relation: 

Fn{s)  =  (1) 

in  the  interval  s  =  (??^i,  L/i),  then  the  knowledge  of  {An,  (^{n))  completely  defines 
the  probability  distribution  of  Q  and  its  scale  dependence.  Scaling  laws  like(l) 
have  played  an  important  role  in  our  understanding  of  many  complex  physical 
phenomena  as  well  as  in  fully  developed  turbulence.  An  important  remark  on 
scaling  (1)  can  be  made  by  rewriting  (1)  in  the  following  form: 

Fn{s)  =  (*)'’<’*'”'>  (2) 

where  C„,„.  =  and  P{n,m)  =  If  I3{n,m)  =  n/m,  then 

scaling  (2)  satisfies  dimensional  counting.  When  dimensional  counting  is  broken, 
then  P{n,  m)  n/m  are  called  anomalous  exponents.  Anomalous  scaling  implies 
that  dimensioless  quantities,  like  the  skewness  and  the  kurtosis  for  instance,  have 
non  trivial  behavior  in  s.  Because  of  the  condition  q:(0)  =  0,  which  is  satisfied 
for  any  random  field  with  decent  support  in  s,  anomalous  scaling  also  implies 
that  a{n)  is  a  convex  non  linear  function  of  n.  Fi'om  a  theoretical  point  of  view, 
scaling  (2)  can  be  considered  a  more  general  scaling  relation  with  respect  to  (1). 
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In  terms  of  equation  (2),  the  probabibiliy  distribution  Ps{Q)  is  determined  by 
the  set  iCm'n,Pbn,n)  and  the  behavior  of  one  of  the  moments  of  Q,  say  m,  i.e. 
by  the  function  f(s)  =  F.m(s).  The  relevant  remark  is  that  (2)  can  be  true  even 
if  (1)  is  never  observed.  In  particular  one  can  show  REFERENZAfisicaD96  that 
it  is  possible  to  define  in  a  rigorous  mathematical  sense  random  fields  which 
obey  to  scaling  (2),  with  anomalous  exponents,  and  do  not  satisfy  scaling  (1). 
I  consider  this  (theoretical)  result  important  because  it  opens  up  a  new  way 
to  investigate  scaling  laws  in  complex  physical  systems.  The  first  systematic 
investigation  of  scaling  law  (2)  in  turbulence  was  proposed  by  Benzi  et.  al.  [1]. 


2  Extended  Self  Similarity 


In  fully  developed  turbulence  there  are  many  possible  and  well  defined  physi¬ 
cal  observables  which  can  be  used  for  defining  the  scale  dependence  statistical 
properties  of  the  turbulent  flows.  Among  them,  a  relevant  role  is  played  by 
the  so  called  structure  functions,  S'n(r),  defined  as  Snir)  —<  ((5R(7-))”  >  where 
6V{r)  =  6V{;vecr)-rlr  and  6V{r)  -  V{x-\-f)  -  V(x).  As  it  is  known,  Ss  and  S2 
are  linked  by  the  Kolmogorov  4/5  law  for  homogeneous  and  isotropic  turbulence, 


namely 


53(r) 


-■-er  6/^ 

5 


clSoir) 

dr 


(3) 


where  e  is  the  mean  rate  of  energy  dissipation  and  u  the  kinematic  viscosity.  For 
large  Re  and  for  r  in  the  inertial  range  {i]  <<  r  <<  L,  where  77  =  the 

second  term  on  r.h.s.  can  be  neglected  and  one  can  derive  the  scaling  relation 
Ssir)  oc  er.  In  the  same  regimes  (large  Re  and  r  in  the  inertial  range),  one  is 
interested  to  understand  whether  the  scaling  relation: 


Sn{r)  oc 


(4) 


holds.  There  are  three  main  questions  concerning  the  scaling  exponents  ({n), 
namely:  (1)  whether  the  scaling  exponents  C(^^')  anomalous  or  not;  (2)  their 
dependence,  if  any,  on  Re;  (3)  the  degree  of  universality,  that  is  to  say  whether 
the  sc;aling  exponents  are  different  for  different  flow  geometry  or  different  forcing 
mechanisms.  Because  C(3)  =  1,  the  exponents  C(?0  are  anomalous  if  they  differ 
Irom  the  Kolmogorov  prediction  =  n/3.  The  difficulty  in  answering  the 

above  questions  can  be  understood  by  looking  at  fig.  (1)  left  where  a  log-log 
plot  of  5fi(7-)  is  shown  as  function  of  r  for  three  rather  different  cases,  namely 
a  DNS  of  homogeneous  and  isotropic  turbulence  {Rex  oc  50),  a  turbulent  flow 
behind  a  cylnder  {Rex  oc  100)  and  jet  turbulence  {Rex  oc  1000),  where  Rex 
is  the  Reynold  number  based  on  Taylor  microscale.  As  one  can  see,  only  at 
rather  large  R.e  it  is  possible  to  state  that  a  scaling  region  is  observed,  namely 
for  the  case  of  jet  turbulence  (note  that  observing  scaling  region  in  DNS  seems 
almost  hopeless).  The  situation  changes  dramatically  if  we  choose  to  investigate 
the  generalized  scaling  (2)  for  the  structure  functions.  Because  C(3)  =  1,  it  is 
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Figure  1:  Left:  Sq  vs.  r/r)  The  straight  line  corresponds  to  the  best  fit  with 
anomalous  exponents  ^6  =  1*78  for  experimental  data  at  Hex  oc  1000.  Right:  Se 
vs.  <  |5y(r)|^  >  (oc  S3)  for  the  same  data  set. 


natural  to  look  at  the  generalized  scaling  in  the  form: 

S„(r)  «  (5) 

where  /3(n)  =  ((71)  in  the  region  where  scaling  (4)  holds.  In  fig.(l)  right,  it  is 
shown  a  log-log  plot  of  ^6  versus  S3  for  the  same  data  set  of  figure  (1)  right. 
Actually,  instead  of  S3  we  use  the  quantity  <  |f5T/(r)p  >  in  order  to  increase 
the  statistical  accuracy,  taking  into  account  that  the  relation  5^  oc<  \SV(i')\^  > 
is  extremely  well  satisfied  for  the  cases  shown  in  figure  (1).  By  inspecting  figure 
(1),  one  can  immediately  understand  that  the  generalized  is  well  observed  at 
small,  moderate  and  large  Re.  The  quality  of  the  scaling  relation  shown  in 


1.7 

1.G 


^.A 

1.3 

1.2 


Log  Re 


Figure  2:  Left  :  Local  slopes  of  Sq.  The  curve  going  from  6  to  1  corre¬ 
sponds  to  dlogS^/dlogr.  The  other  curve,  almost  a  constant,  corresponds  to 
dlogSG{r)/dlogS3(T).  Right:  experimental  values  of  Ce  computed  using  ESS  for 
different  Re. 

figure  (1)  can  be  better  understood  by  looking  at  the  so  called  local  slope  of  the 
scaling,  namely  the  quantity  /3(6,r)  =  shown  in  figure  (2)  on  the  left 
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for  the  DNS  data  reported  in  figure  (1).  As  one  can  see,  the  anomalous  local 
scaling  extends  from  few  grid  points  up  to  60  grid  points,  while  scaling  with 
respect  to  /*  never  holds.  Let  me  remark  that  for  small  r,  the  scaling  cannot  be 
anomalous  simply  because  in  the  dissipation  region  oc  Figures  (1)  and 

(2)  tell  us  that  the  generalized  scaling  (5)  extends  the  usual  concept  of  scaling 
both  at  low  and  moderate  Re  and  at  small  scales.  For  this  reason,  scaling  (5) 
has  been  called  Extend  Self  Similarity.  One  of  the  most  imporant  point  on  ESS 
is  that  it  allows  an  accurate  measurements  of  the  scaling  exponents  at  low  Re.  It 
is  therefore  possible  to  compare  scaling  exponents  at  different  Reynolds  number 
and  for  different  (experimental  and/or  numerical)  flow  configuration.  It  turns 
out  that  for  large  Re  we  find  that  /3(n)  =  ((n).  Moreover,  for  homogeneous 
and  isotropic  turbulence  there  is  good  evidence  that  the  anomalous  exponents 
are  universal,  i.e.  independent  of  the  forcing  mechanism  which  produces  the 
turbulence.  Finally,  and  somehow  more  important,  the  anomalous  exponents 
are  R,e  independent.  Figure  (2)  right  shows  the  value  of  /?(6)  for  different  Re 
(from  Re  =  1000  up  to  Re  =  10^):  no  dependence  on  Re  is  observed.  Recently, 
an  accurate  investigation  on  /?(2)  has  been  performed  in  order  to  check  whether 
a  R,e  dependence  may  be  observed  as  proposed  by  some  theoretical  arguments. 
Even  if  the  value  of  the  anomalous  exponents  /5(2)  =  0,  7  is  ver}'’  close  to  2/3,  the 
accuracy  of  the  ESS  scaling  is  good  enough  to  show  that  /3(2)  does  not  change 
by  changing  Re,  see  [2].  The  ESS  scaling  can  be  also  applied  to  many  other 
statistical  observables  in  turbulent  flows,  like  for  instance  velocity  circulation  and 
energy  dissipation.  In  particular,  it  is  interesting  to  consider  energy  dissipation 
on  scale  r  defined  as: 


e,. 


e{x)dr^ 


(6) 


where  B(7')  is  the  volume  of  integration.  The  quantity  e,.  played  an  important 
role  in  developing  phenomenological  theories  of  intermittency  since  it  is  often 
assumed  that  the  refined  Kolmogorov  hypothesis  (RKH)  holds,  namely: 


s,.(r)  =<  (e,)"/'  > 


(7) 


The  RKH  implies  that  anomalous  fluctuations  in  turbulent  flows  are  closely 
linked  to  the  fluctuations  of  non  linear  energy  transfer  among  scales  which  can 
measured,  locally  in  space,  by  the  local  fluctuating  rate  of  energy  dissipation, 
i.e.  e,..  Benzi  et.al.  [3]  suggested  that  the  RKH  should  be  reformulated  in  the 
following  way: 

5„(7')  =  (8) 

This  form  of  the  RKH  is  not  deducable  by  the  ESS  scaling  although  it  is  somehow 
a  natural  generalization  of  the  original  proposal  in  the  ESS  language.  In  figure 
(3)  left,  the  generalize  form  of  the  RKH  is  shown  for  the  experimental  data 
iitRex  oc  1000  previously  considered.  The  quality  of  the  scaling  predicted  by 
equation  (8)  is  somehow  striking.  What  is  impressive  is  that  the  generalized 
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RICH  scaling  holds  not  only  in  the  region  where  ESS  is  observed  but  also  at  very 
small  scales  and  with  the  intercept.  This  means  that  (8)  is  working  independent 
of  the  effect  of  dissipation.  This  results  is  not  at  all  simple  to  understand  since 
it  requires  the  effect  of  energy  dissipation  enters  in  turbulent  flows  in  a  rather 
special  way.  Let  me  also  remark  that  it  is  not  straightforward  to  include  in 
existing  theories  of  multifractal  fluctuations  for  turbulent  flows  the  result  shown 
in  figure  (3).  An  attempt  in  this  direction  can  be  found  in  Benzi  et.al  [3]. 


Figure  3:  Left:  log-log  plot  Sq  vs  <  4  >  :  values  of  the  local 

exponents  Ce  as  function  of  the  grid  points  (1  grid  point  =  2.5  ?y+)  in  turbulent 
boundary  layers. 


3  Application  to  turbulent  boundary  layers 

The  problem  of  characterizing  the  complex  phenomena  arising  in  the  near-wall 
region,  and  their  relation  to  the  lack  of  isotropy  has  been  analyzed  in  depth  by 
several  authors  (see  Arad  et.  al.  [4]  and  references  therein).  Here,  I  want  to 
analyse  the  spatial  behaviour  of  the  scaling  exponents  and  their  link  to  coarse¬ 
grained  features  of  the  flow  in  the  near- wall  region,  using  ESS.  The  analysis 
discussed  in  this  section  are  taken  by  the  Toschi  et.  al.  [5]  and  Benzi  et.al. 
[6]  which  used  a  data  set  obtained  by  a  direct  numerical  simulation  with  high 
statistical  accuracy  about  10^  in  time  units  Uo/h,  where  Uo  is  the  centerline 
velocity  and  h  is  the  channel  half-width).  In  the  following  I  use  wall  units  defined 
as  =  y/S  and  ~  vjv*  where  v*  is  the  friction  velocity  and  6  =  n/v*  is  the 
typical  boundary  layer  thickness.  To  study  intermittency  in  the  channel,  let  me 
introduce  the  following  ^-dependent  longitudinal  stream  wise  structure  functions: 
5n{r+,y+)  =<  \Mx+^r+,y+,z+)-v,4x+,y+,z+)\’^  >.  The  average  is  taken 
at  a  fixed  value  (the  normal  to  wall  coordinate).  The  quantities  5'n(r+,y+) 
have  been  measured  for  each  value  of  y.  Follwing  the  discussion  of  the  previous 
section,  the  use  of  ESS  may  enable  us  to  understand  the  statitical  properties 
of  turbulence  even  if  the  simulation  are  performed  at  relatively  low  Re  and  the 
analysis  is  done  in  a  region  of  the  flow  where  strong  dissipative  effect  should 
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be  active.  The  analysis  performed  in  Toschi  et.  al  [5]  shows  that  indeed  ESS 
scaling  is  observed.  However  the  physical  interpretation  of  what  is  happening 
is  not  trivial.  There  are  two  regions  in  hereafter  referred  to  as  region  H 
(’’Homogeneous”)  and  region  B  (’’Boundary”)  respectively,  where  well  defined 
constant  local  slopes  for  the  scaling  exponents  can  be  detected.  Region  H  is 
close  to  the  center  of  the  channel  (y^  >  100)  while  region  B  is  close  to  the 
viscous  sublayer  (20  <  y'^  <  50).  In  region  H,  the  scaling  exponents  Cn{H) 
are  found  to  be  approximately  the  same  as  the  ones  measured  in  homogeneous 
and  isotropic  turbulence.  On  the  other  hand,  in  region  B  the  scaling  exponents 
Cii{B)  have  been  found  to  be  much  smaller  than  In  the  intermediate 

region  between  region  H  and  region  B,  it  is  difficult  to  identify  a  range  in  r 
where  a  scaling  exponent  can  be  defined  with  enough  confidence.  In  fig.  (3) 
right,  the  quantity  Cg/Cs  Is  plotted  as  a  function  of  r  with  the  associated  error 
bars  (large  error  bars  in  the  region  50  <  j/’’”  <  100  indicates  the  local  slopes 
are  poorly  defined).  The  result  shown  in  figure  (3)  indicates  that  there  is  a 
transition  in  the  nature  of  intermittency  between  region  H  and  region  B.  In  order 


Figure  4;  Left:  check  of  eq.(8)  for  n  =  2  for  turbulent  boundary  layer.  The 
tringles  refer  to  data  in  region  H  while  the  black  dot  to  data  in  region  H.  Right 
:  check  of  equation  (9)  for  n  =  2  in  rgion  B.  In  the  insert  it  is  shown  the 
compensated  plot  of  (8)  for  n  =  2  in  homogeneous  and  isotropic  turbulence  and 
of  (9)  for  n  =  2  in  region  B  of  the  turbulent  boundary  layer. 

to  understand  why  we  observe  stronger  intermittency  in  region  B  with  respect 
to  region  H,  let  me  consider  figure  (4)  left  where  a  chek  of  the  generalized  RKH 
is  shown  in  both  region  H  and  B.  While  in  region  H  RKH  holds  quite  well, 
in  region  B  a  clear  breaking  of  the  generalized  RKH  is  observed.  This  result 
seems  to  suggest  there  is  a  relationship  between  the  failure  of  the  RKH  and  the 
increase  of  intermittency  near  the  wall  region.  To  this  aim,  let  me  recall  that 
RKH  is  somehow  linked  to  the  4/5  Kolmogorov  equation  and  it  tells  us  that 
the  energy  flux,  represented  by  (JK(7'))^,  fluctuates  with  the  same  probability 
distribution  of  e,..  However,  in  the  presence  of  strong  shear  we  should  expect 
that  a  new  term,  proportional  to  d^U {SV {t))^  ,  enters  the  estimate  of  the  energy 
flux  at  scale  r.  Such  a  new  term  indeed  appears  in  the  analysis  performed  for 


Anomalous  Scaling  Laws  in  Turbulence 


887 


homogeneous  shear  flows  (see  for  instance  [7]).  If  this  term  becomes  dominant 
one  is  led  to  assume  that  the  fluctuations  of  the  energy  flux  in  the  inertial  range 
are  proportional  to  A(r)(SV(r)y^  where  ^(r)  is  a  non  fluctuating  quantity.  It 
follows  that  in  this  case  e,.  oc  ((57 (r))^.  Therefore  a  new  form  of  RKH  should 
hold  namely; 

<  (i(/(r))"  >=  <  (SV(r)y-  (9) 

The  above  expression  of  the  new  RKH  is  given  in  terms  of  the  structure  function 
of  order  two,  without  explicit  reference  to  the  separation  r,  in  the  same  spirit 
of  the  generalized  RKH.  In  figure  (4)  right  we  check  the  new  form  of  RKH  and 
compared  it  against  the  usual  form.  A  quite  clear  agreement  with  the  predicted 
new  form  of  RKH  is  observed.  By  using  the  same  argument,  is  possible  to  define 
a  scale  Lg  above  which  one  should  expect  that  the  new  form  of  RKH  holds.  A 
simple  algebraic  computation  gives  Lg  =  (e/F^)^/^,  F  being  the  shear  strenght. 
A  detailed  analysis  shows  that  the  breaking  of  RKH  starts  near  by  the  scale 
Lg,  as  predicted.  By  using  the  new  form  of  RKH  is  is  now  possible  to  explain 
the  increase  of  intermittency  near  the  wall  region.  Indeed,  let  us  introduce  the 
scaling  exponent  T(n}  of  the  local  energy  dissipation  e,.,  i.e.  <  (cr)'^  >oc 
The  original  form  of  RKH  gives  us  a  relationship  between  r(n)  and  C(’^);  namely 
r(7i)  =  C(3n)  -  nC(3).  By  using  ESS  the  last  relationship  is  written  as 

1/(77)  =z  -  n  (10) 

where  7/(77)  =  r(77)/C(3).  The  new  form  of  RKH  predicts: 

7/(77)  =  /?(277)  -  -m  (11) 

In  figure  (5)  the  two  form  of  7/(77.)  are  reported  for  the  B  region  as  well  as  the 


Figure  5:  Computation  of  7/(77)  using  eq.  (10),  circles,  and  (11),  triangles.  The 
continues  curve  represents  the  values  obtained  using  data  for  homogeneous  and 
isotropic  turbulence. 
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values  of  iy{n)  as  computed  for  the  homogenous  and  isotropic  turbulence.  While 
in  region  B  eq.  (10)  predicts  a  value  of  iy{n)  showing  an  increase  of  intermittency 
with  respect  to  homogenous  and  isotropic  turbulence,  equation  (11)  predicts 
,in  the  same  region,  values  of  j/(n)  rather  close  to  the  values  observed  in  the 
homogenous  and  isotropic  case.  This  result  shows  that  turbulence  in  the  B 
region  is  characterized  by  nearly  the  same  probability  distribution  (in  the  ESS 
form)  for  the  local  energy  dissipation.  Because  of  the  new  form  of  the  RKH, 
the  anomalous  scaling  exponents  of  velocity  structure  functions  appears  to  be 
more  intermittent.  A  final  remark  is  due  to  understand  what  happens  in  the 
intermediate  region,  i.e.  in  between  region  H  and  B.  Following  the  analysis  so 
far  presented,  one  should  expect  that  the  scaling  exponents,  if  any,  emerge  from 
a  complex  blending  of  these  two  basic  behaviors,  i.e.  the  two  possible  form  of  the 
RKH.  Recently,  Toschi  et.al  [8]  proposed  to  use  a  generalized  form  of  structure 
functions  Zn(r)  =<  (((5K(r))^  +  ar7-((5K(r))'-^)”/'^  >  for  shear  flow  turbulence, 
where  cv  is  a  constant  independent  of  7’  .  The  structure  functions  should  be 
characterized  by  the  same  set  of  anomalous  scaling  exponents  independent  of 
the  scale  r  and  of  the  shear  intesity.  Application  of  this  idea  in  boundary  layer 
turbulence  shows  the  predicted  behavior  with  very  good  accuracy. 
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According  to  experimental  and  numerical  observations,  spatially  developing 
shear  flows  such  as  mixing  layers  with  a  sufficiently  large  counterflow,  hot  jets, 
wakes  at  Reynolds  numbers  above  the  onset  of  the  Karman  vortex  street,  typi¬ 
cally  behave  as  flow  oscillators  with  a  well  defined  frequency  that  is  insensitive 
to  low  levels  of  external  noise.  Such  self-sustained  time-periodic  states  are  de¬ 
scribed  in  terms  of  so-called  global  modes,  i.e.  extended  wavepackets  that  live  in 
the  underlying  spatially  developing  flow  and  display  the  same  global  frequency 
at  all  streamwise  stations  [1].  The  global  frequency  satisfies  an  eigenvalue  prob¬ 
lem  in  the  streamwise  direction  :  the  eigenfunction  distribution  along  the  stream 
is  composed  of  a  collection  of  spatially  evolving  waves  which  must  be  suitably 
combined  in  order  to  comply  with  specific  upstream  and  downstream  boundary 
conditions.  Global  frequency  selection  criteria  are  then  derived  which,  in  many 
instances,  only  involve  the  local  instability  properties  at  a  single  streamwise  sta¬ 
tion.  This  particular  station  then  effectively  acts  as  a  wavemaker  which  imposes 
its  frequency  to  the  entire  flow.  The  objective  of  the  lecture  is  to  review  our 
current  understanding  of  such  self-sustained  structures  in  the  fully  nonlinear 
regime. 

Until  recently,  global  mode  formulations  had  been  developed  within  the  frame¬ 
work  of  linear  theory,  first  on  Ginzburg-Landau  evolution  models  [2,  3]  and  then 
on  real  flows  governed  by  the  Navier-Stokes  equations  [4].  Two  configurations 
have  been  distinguished.  In  infinite  media,  the  complex  global  frequency  is 
given  by  a  saddle  point  condition  applied  to  the  local  linear  dispersion  relation 
in  the  space  of  complex  wavenumber  and  streamwise  coordinate.  This  criterion 
provides  a  satisfactory  prediction  of  the  shedding  frequency  in  flat-plate  wakes 
[5].  In  semi-infinite  media  that  are  most  absolutely  unstable  at  the  upstream 
boundary,  the  complex  global  frequency  is  simply  the  local  absolute  frequency 
prevailing  at  the  upstream  boundary  point. 

In  the  last  few  years,  the  same  line  of  thought  has  been  followed  to  investigate 
the  fully  non-linear  regime,  the  main  goal  being  the  determination  of  nonlin¬ 
ear  frequency  selection  criteria  valid  for  finite- amplitude  global  modes.  General 
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definitions  of  nonlinear  absolute/convective  instability  have  been  proposed  by 
Chomaz  [6],  which  formally  extend  the  usual  linear  concepts. 

The  analysis  of  various  Ginzburg-Landau  model  equations  in  semi- infinite 
spatially  uniform,  media^  say  0  <  x  <  oo,  carried  out  by  Couairon  and  Chomaz 
[7,  8,  9]  have  firmly  established  the  intimate  connection  existing  between  nonlin¬ 
ear  absolutc/convectivc  instability,  front  velocity  selection  in  pattern  formation 
problems  [10,  11]  and  the  onset  of  nonlinear  global  modes  In  all  the  examples 
studied  so  far,  global  mode  onset  in  the  streamwise  domain  0  <  x  <  oo  is  found 
to  coincide  with  the  appearance  of  nonlinear  absolute  instability.  More  specif¬ 
ically,  at  global  instability  onset,  a  front  separating  the  bifurcated  state  from 
the  rest  state  succeeds  in  travelling  upstream  against  the  oncoming  flow  before 
it  is  stopped  in  its  motion  by  the  boundary  point  x  =  0.  The  global  mode 
structure  is  therefore  dominated  by  a.  stationary  front  pinned  near  x  =  0.  Two 
cases  must  then  be  distinguished.  If  the  stationar}'’  front  is  linearly  determined 
[10],  the  appearance  of  a  nonlinear  global  mode  coincides  with  the  onset  of  lin¬ 
ear  absolute  instability  at  x  =  0.  At  global  onset,  the  global  frequency  is  then 
given  by  the  linear  absolute  frequency  at  the  boundary  a;  =  0.  Furthermore  the 
healing  length  A.t,  which  measures  the  streamwise  distance  from  x  =  0  neces¬ 
sary  to  reach  a  fully  saturated  state,  is  predicted  to  scale  as  ,  where  e  is 

the  supercriticality  parameter.  This  scaling  law  has  been  observed  to  effectively 
apply  in  numerical  simulations  of  Rayleigh-Benard  convection  with  through  flow 
[12]  and  of  Taylor-Couette  flow  with  superimposed  axial  flow  [13].  If  the  front 
is  nonlinearly  determined  [11],  the  appearance  of  a  nonlinear  global  mode  no 
longer  coincides  with  the  onset  of  linear  absolute  instability  and  the  healing 
length  Ax  is  predicted  to  scale  as  Infl/e).  This  scenario  of  global  bifurcation  in 
a  medium  that  is  still  linearly  convectivcly  unstable  has  recently  been  observed 
and  validated  in  the  case  of  the  Kelvin-Helmholtz  instability  in  a  Hele-Shaw  cell 

[14]. 

The  above  nonlinear  studies  all  pertain  to  global  modes  in  spatially  uniform 
semi-infinite  media,  e.g.  for  Ginzburg-Landau  models  with  constant  coefficients. 
Most  shear  flows  however  are  non-uniform  along  the  stream.  In  order  to  take 
this  effect  into  account,  the  analysis  of  Ginzburg-Landau  models  with  spatially 
varying  coeffi, dents  has  therefore  been  undertaken.  In  the  case  of  a  semi-infinite 
m,edium  0  <  .7;  <  oo,  the  selected  global  frequency  is  still  given  near  global  onset 
by  the  linear  absolute  frequency  at  .x-  =  0,  provided  that  the  front  structure  is 
linearly  determined.  The  streamwise  structure  of  nonlinear  global  modes  is  then 
shown  to  agree  with  numerical  simulations  of  wake  flows  [15].  In  the  case  of  an 
infinite  medium,  with  spatially  varying  instability  properties,  two  types  of  nonlin¬ 
ear  global  modes  have  been  identified.  Soft  global  modes  [16]  evolve  slowly  over  a 
typical  wavelength  and  are  governed  by  a  nonlinear  frequency  selection  criterion: 
the  global  frequency  satisfies  a  saddle  point  condition  enforced  on  the  nonlinear 
dispersion  relation  with  respect  to  both  the  wavenumber  and  the  streamwise  co¬ 
ordinate.  Such  nonlinear  states  are  only  likely  to  be  observed  for  weak  basic  flow 
advection.  Steep  global  modes  [17,  18]  are  the  infinite-medium  counterparts  of 
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the  global  modes  encountered  in  semi-infinite  media.  They  display  a  stationary 
front  at  the  streamwise  station  separating  the  upstream  convectively  unstable 
region  from  the  central  absolutely  unstable  region.  The  steep  global  frequency 
is  then  given  by  the  real  absolute  frequency  that  prevails  at  the  front  station, 
where  the  medium  exhibits  a  transition  from  convective  to  absolute  instability. 
Such  steep  nonlinear  global  modes  have  recently  been  identified  in  direct  numer¬ 
ical  simulations  of  a  family  of  spatially  developing  wakes  [19].  The  numerically 
computed  frequency  is  found  to  be  satisfactorily  predicted  by  the  marginal  ab¬ 
solute/convective  instability  criterion  (see  the  contributed  lecture  of  Pier  and 
Huerre  entitled  “A  resonance  principle  for  spatially  developing  wakes”  in  this 
volume). 
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1  The  experiment 

We  report  first  results  obtained  in  a  field  experiment  (see  Table  1  for  the  basic 
data)  in  which  we  measured  all  the  three  velocity  componets  and  all  the  nine 
componenets  of  the  velocity  gradients  tensor.  This  was  done  by  implementation 
in  the  field  of  techniques  used  by  [3,  4]  in  laboratory  experiments.  Several 
essential  technological  innovations  were  introduced  in  the  manufacturing  process 
of  the  20  hot-wire  probe  in  view  of  specific  requirements  of  a  field  experiment. 
A  special  high  precision  calibration  unit  was  designed  and  manufactured  for 
computer  controlled  three-dimensional  calibration  of  the  probe.  More  details  on 
the  experiments  are  given  in  [1]. 

Table  1.  Basic  information  on  the  experimental  run. 

Ui  Ui  U2  ^3  A  T)  TuiiLs  C  Rca  Saa  ^  j) 

m/s  m/s  m/s  m/s  m  m 

7.0  1.0  1.0  0.6  0.14  8-10"'^  -0.33  0.53  10'^  0.7  0.05^0.1 

The  notations  are:  xi  -  horizontal  streamwise,  X2  -  horizontal  spanwise,  and  xs  -  vertical 
coordinates  respectively;  u,;  -  corresponding  components  of  velocity  fluctuations,  u'^  -  their  rms 
values;  / {u'lu'z)  '  correlation  coeflicient  between  the  streamwise  and  vertical 

components  of  velocity  fluctuations;  C  -  Kolmogorov  constant;  Saa  -  skewness  of  velocity 
derivative  (q  =  1,2,3,  no  .summation),  Sij{i  ^  j)  -  skewness  of  velocity  derivative 


2  Geometrical  statistics 

Geometrical  statistics  exhibits  important  aspects  of  dynamics  and  structure  of 
turbulent  flows  which  are  essentially  beyond  phenomenology.  The  PDFs  of  the 
cosine  of  the  angle  between  vorticity  lj  and  the  eigenvectors  Aj  of  the  rate  of 
strain  tensor  cos(a;,AJ  exhibit  the  same  behaviour  as  in  flows  at  moderate 
Reynolds  numbers  Rex  10^.  This  is  clearly  seen  from  Figure  la. 
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cos(«.  cos(«>,  W) 


Figure  1:  PDFs  of  the  cosine  of  the  angle  between  vorticity  u>  and  a)  the  eigenvectors  A^.  of 
Sij,  cos(w,  \f.);  b)  the  vortex  stretching  vector,  cos(a>,  W). 

Table  2.  Contribution  of  terms  associated  with  the  eigenvalues  A^.  of  to 
the  mean  enstrophy  generation  {coiWjSij)  =  cos’(a;,  Aa  )),  its  rate,  and  vortex 

stretching  (W^)  =  (w^Aj  cos2{aJ,  Aa-))  and  its  rate.  The  last  row  shows  the  means 
of  the  eigenvalues  of  the  rate  of  strain  tensor,  Aa  ;  =  Sijsij  =  Af  -f  Ai^  +  A5. 

(w^Ai  cos^(a;,  Ai))  (cd^A2  cos^(tJ,  A2))  (td'-^As  cos'^(a;,  A3)) 

1.437  0.467  -0.904 

(Ai  AJ)  (A2  cos‘'^(a;,  A.2))  (A3  cos~(aJ,  A3)) 

2.275  0.472  -1.748 

(cd'-^Aj  cos^(c«;,  Aj))  (cd'^A^  cos^(w,  A2))  (a;^A|  cos^(aJ,  A3)) 

0.517  0.125  ^  0.358 

(Af  cos^(a;,  Ai))  (A^  cos‘'^(a;,  A2))  (Ag  cos'^{tj,  A3)) 

0.499  0.089  0.412 

(Ai)/(.2)l/2  (A2)/(5‘^)^/^  {A3)/(5^)^/^ 

0.474  0.058  -0.532 

The  most  dynamically  important  alignment  is  the  one  between  vorticity  to  and 
the  vortex  stretching  vector  W,  Wi  ~  cojSij,  since  the  cosine  of  the  angle  between 
the  two  is  the  normalized  enstrophy  production  cjiCjjSij/  (|a;|  ■  |W|).  The  PDF 
of  the  cosine  of  this  angle,  cos(cj,  W),  is  positively  skewed  in  full  accordance  with 
the  predominance  of  vortex  stretching  over  vortex  compressing  (Figure  15).  This 
asymmetry  is  preserved  at  very  low  level  of  enstrophy  and  total  strain,  which 
is  a  clear  indication  that  there  are  no  regions  in  the  turbulent  flow  exhibiting 
Gaussian  behaviour  and/or  which  are  ‘structureless’.  An  important  aspect  is 
that  the  asymmetry  of  cos(a;,W)  and  corresponding  process  of  predominant 
production  of  enstrophy  is  associated  with  two  qualitatively  different  regions  of 
turbulent  flow.  The  first  one  is  where  vorticity  tends  to  be  aligned  with  Ai ,  the 
eigenvector  corresponding  to  the  largest  eigenvalue,  Ai,  of  Sij.  The  second  region 
is  where  vorticity  tends  to  be  aligned  with  A2 ,  the  eigenvector  corresponding  to 
the  intermediate  eigenvalue,  A2,  of  sij  (Ai  >  A2  >  A3).  It  is  interesting  that  the 
contribution  to  the  enstrophy  production  and  other  nonlinearities  from  the  first 
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Figure  2:  Conditional  averages  of  a)  and  b)  —  {uJiU}jSij /{ui'^)}'^  in 

slots  of  u  and  s. 

region  is  two  times  larger  than  from  the  second  region  in  spite  of  the  general 
tendency  for  alignment  between  vorticity  and  A2  (see  Table  2).  This  happens 
because  Ai  is  almost  order  of  magnitude  larger  than  A2  (see  the  last  row  in  the 
Table  2).  The  asymmetry  in  the  PDF  of  cos(u;,  W)  is  much  stronger  in  regions 
dominated  by  strain,  =  SijSij  than  in  regions  with  large  enstrophy,  This 
corresponds  to  reduction  of  nonlinearity  in  the  regions  with  large  enstrophy  as 
compared  with  regions  dominated  by  strain. 


3  Reduction  of  nonlinearity 

This  is  understood  here  in  the  sense  of  the  works  [2,  5].  Namely,  all  the  phys¬ 
ically  meaningful  nonlinearities  appear  to  be  much  smaller  in  the  regions  with 
concentrated  vorticity  (large  enstrophy)  than  in  the  regions  dominated  by  strain. 
This  is  true  of  such  quantities  as  ujiujjSij,  UiUjSij SijSjkSkii  SijSji^.Skil(s~), 
W'^  (TT/  =  LJiSij),  ITV(^’^)  and  TTV(w‘^)  -  these  quantities 

appear  in  the  equations  for  vorticity,  cj/,  enstrophy,  total  strain,  =  SijSij, 
etc.  The  quantity  is  the  inviscid  rate  of  change  of 

direction  of  the  vorticity  vector.  It  appears  in  the  equation  for  the  unit  vector  of 
vorticity,  ui  =  i.e.  it  is  responsibe  for  tilting  of  vorticity.  In  Figure  2  we 

show  two  examples  clearly  demonstrating  the  phenomeneon  of  reduction  of  non¬ 
linearity.  It  is  noteworthy  that  this  behaviour  is  observed  also  for  the  nonlinear¬ 
ity,  Ni  =  ukdui/dxk  in  the  Navier-Stokes  equation  as  seen  from  the  Figure  3a), 
whereas  the  behaviour  of  the  Lamb  vector  w  x  u  is  opposite  (Figure  3&). 


4  Conclusions 

The  results  obtained  in  this  research  are  the  first  ones  in  which  explicit  infor¬ 
mation  is  obtained  on  the  field  of  velocity  derivatives  (all  the  nine  components 
of  the  tensor  |^)  and  velocity  differences  along  with  all  the  tree  components  of 
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Figure  3:  Conclilional  av'cragCR  of  a)  and  ^J)  oj  x  u  in  slots  of  uj  and  s. 


velocity  fluctuations  at  Reynolds  number  as  high  as  Re^  ~  10"^.  Up  to  present 
the  field  of  velocity  derivatives  was  accessible  at  R.ca  ~  10^. 

Our  main  conclusion  is  that  the  the  basic  physics  of  turbulent  flow  at  high 
Reynolds  number  R.ca  ~  lO'*  at  least  qualitatively  is  the  same  as  at  moderate 
Reynolds  numbers,  R,eA  ~  10 This  is  true  of  such  basic  processes  as  enstrophy 
and  strain  production,  geometrical  statistics,  the  role  of  concentrated  vorticity 
and  strain,  and  reduction  of  nonlinearity. 
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1  Introduction 

In  turbulent  flows  where  the  relative  turbulence  intensity  is  not  too  high,  hot¬ 
wire  anemometry  is  the  most  practical  and  most  used  experimental  technique 
for  the  measurement  of  e,  the  mean  dissipation  rate  of  the  kinetic  energy  of 
turbulence  into  heat.  Only  in  the  academic  isotropic  case,  e  can  be  obtained 
from  a  single  hot  wire  measurement  of  the  longitudinal  velocity  derivative,  us¬ 
ing  Taylor’s  hypothesis.  In  the  much  more  frequent  homogeneous  anisotropic 
situations,  the  determination  of  e  requires  the  nine  variances  of  velocity  com¬ 
ponent  derivatives  {duldy)^  to  be  known,  so  that  probes  with  several  wires  are 
needed.  In  a  flrst  step,  two- wire  probes  (X  and  parallel)  are  used  to  evaluate  the 
influence  of  anisotropy  in  the  determination  of  e.  However,  the  measurement  of 
the  fine  scales  of  turbulence  which  govern  the  above  variances  still  raises  many 
problems  such  as  the  spatial  integration  through  the  finite  probe  size  (Wyngaard 
[6],  Eisner  et  al.  [2])  and  the  anemometer  signal-to-noise  ratio  in  the  high  fre¬ 
quency  range  (Freymuth  [4]).  In  addition,  the  spacing  between  parallel  wires 
has  to  be  optimized  for  accurate  measurements  of  velocity  transverse  derivatives 
(Mestayer  and  Chambaud  [5]). 

Our  first  objective  is  to  improve  the  spectral  measurements  of  Ciso  with  a 
single  hot-wire,  while  the  second  is  to  identify  the  reasons  for  the  ’’explosion” 
phenomenon  of  derivative  estimates  from  two  closely  spaced  parallel  wires.  Mea¬ 
surements  were  performed  on  the  axis  of  a  fully-developed  0.25  m  diameter  pipe 
flow  where  turbulence  can  be  considered  as  locally  isotropic,  for  velocities  be¬ 
tween  1  ms“^  and  30  ms~^  corresponding  to  a  large  Kolmogorov  scale  range, 
1  mm  >  7)  >  0.14  mm  ,  The  Dantec  Streamline  anemometer  system  was  used 
together  with,  first,  spot-soldered  Tungsten  wires  1.25  mm  long  and  5  /im  in 
diameter  and,  then,  Wollaston  Tungsten  wires  0.5  mm  long  and  2.5  jum  in  di¬ 
ameter. 
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2  Corrections  to  the  spectral  measurements  of 

To  avoid  integration  effects  (Zhu  and  Antonia  [7]),  it  would  be  desirable  that  the 
probe  dimensions  do  not  exceed  the  Kolmogorov  scale,  which  is  not  feasible  in 
general.  The  correction  methods  are  generally  based  on  Wyngaard’s  assumptions 
which  state  that  the  sensitivity  to  velocity  fluctuations  is  uniformly  distributed 
along  the  hot  wire  length  and  Pao’s  isotropic  spectral  model  can  be  used.  Figure 
1  shows  that  the  resulting  high-frequency  correction  is  too  important,  so  that 
Ciso  obtained  from  the  spectrum  derivative  is  overestimated  by  about  10%.  We, 
therefore,  choose  to  follow  Eisner  et  al’s  suggestion  after  which  the  wire  sensi¬ 
tivity  should  be  taken  as  proportional  to  its  local  excess  temperature,  so  that 
the  cooling  effect  of  the  probe  prongs  reduces  the  effective  length  of  the  wire.  In 
addition,  a  new  semi-empirical  Reynolds-number-dependent  model  taking  into 
account  the  ’’bump”  phenomenon  due  to  an  energy  pileup  at  the  right  end  of 
the  inertial  plateau  in  ’’compensated”  high-Reynolds  number  turbulence  spectra 
(Coantic  and  Lasserre  [1])  has  been  adopted.  The  final  result  is  compared  with 
the  first  one  and  it  appears  clearly  that  the  integration  effect  is  better  corrected. 
Here,  for  the  spot-soldered  Tungsten  wires  1.25  mm  long  and  5  fim  in  diameter, 
the  effective  wire  length  is  only  about  80%  of  the  wire  length. 

Electronic  noise  is  known  as  the  limiting  factor  for  the  high  frequency  range 
which  can  be  covered  by  hot-wire  anemometr3^  As  a  consequence,  Kolmogorov 
scales  are  generally  buried  within  the  noise  during  high  Reynolds  number  exper¬ 
iments,  and  an  accurate  determination  of  Ciso  is  impossible.  We  have  checked 
from  our  constant-temperature  anemometers  that  the  noise  spectra  follow  a  re¬ 
producible  close  to  behavior  with  an  amplitude  agreeing  with  Freymuth’s 
theory  (figure  2).  Signal  and  noise  being  not  correlated,  this  leads  to  the  follow¬ 
ing  correction  procedure  :  i)  a  dissipation  spectrum  is  measured  up  to  frequencies 
such  that  only  noise  is  important,  ii)  this  allows  determining  the  amplitude  of 
a  noise  contribution  to  the  dissipation  spectrum  that  we  extrapolate  down 
to  the  lowest  frequencies  and  subtract  from  the  original  dissipation  spectrum  as 
shown  in  figure  1. 


3  On  the  divergence  of  (Au/Ay)‘ 


Tlie  measurement  of  (du/dy)^  using  closely  spaced  parallel  wires  is  handicapped 
by  two  conflicting  requirements:  very  small  separations  are  necessary  to  avoid 
spatial  averaging,  and  an  increasing  divergence  appears  due  to  noise  when  this 
separation  decreases  [5].  Wyngaard  suggested  that  the  optimum  value  of  Ay 
should  be  in  the  range  .  Considerable  experimental,  numerical  and  theoretical 
effort  has  been  done  during  the  last  two  decades  to  explain  this  phenomenon  [3]. 
Some  studies  suggest  that  an  electrical  or  thermal  crosstalk  exists  between  the 
two  wires  in  addition  to  the  aerodynamic  disturbance  caused  by  the  probe  [3]. 
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Others  ignore  as  not  reliable  the  results  obtained  at  small  separations  and  per¬ 
form  an  extrapolation  from  the  largest  to  the  smallest  separations  ([7],  [3]).  We 
have  carried  out  a  spectral  study  of  this  phenomenon  with  the  view  to  find  the 
origin  of  this  ’’noise”.  In  fact,  experiments  in  laminar  flow  for  different  mean  ve¬ 
locities  and  wire  separations  show  that  the  noise  spectrum  of  the  signal  difference 
is  just  the  sum  of  the  noises  from  the  two  anemometers,  and  therefore  important 
only  for  the  highest  frequencies.  On  the  contrary,  experiments  in  turbulent  sit¬ 
uations  have  demonstrated  the  presence  of  an  additional  ’’noise”  of  much  largei 
amplitude  extending  down  well  in  the  energy-containing  frequency  range  (figure 
2).  Since  that  contribution  does  not  vary  much  for  the  smallest  separations, 
the  (Au/Ay)  spectra  tend  to  ’’explode”  when  Ay  is  very  small,  as  shown  on 
figure  3.  To  find  the  noise  spectrum  and  the  corresponding  spectral  correction 
for  the  turbulent  case,  we  assume  that  signal  and  noise  are  not  correlated.  We 
can  thus  write  for  each  frequency  and  for  the  three  smallest  separations  Ay  : 
p]meo.s  _  S{f).{Ay)'^  ,  where  B{f)  is  the  noise  spectrum,  and  the  slope 

S(f)  is  the  corrected  spectrum.  Then,  S{f)  =  EXa'  =  “  E{f))/{Ayy 

(figure  3).  Using  the  three  smallest  separations  to  determine  a  corrected  spec¬ 
trum  enables  us  to  avoid  the  phenomenon  of  spatial  integration.  Figuie  4  fur¬ 
thermore  shows  that  the  relative  level  of  this  ’’noise”  appears  as  unaffected  by 
the  wire  overheat  ;  this  test  therefore  denies  the  possibility  of  electrical  or  ther¬ 
mal  cross-talk.  Moreover,  such  a  divergence  is  observed  in  the  measurements 
of  the  transverse  gradient  of  temperature,  using  cold  wire  anemometry.  It  is 
important  to  note  that  the  phenomenon  is  similar  at  different  Reynolds  num¬ 
bers,  the  variance  being  a  unique  function  of  the  separation  when  plotted  using 
Kolmogorov’s  scaling.  In  addition,  the  Au  pdfs  for  the  smallest  separations  tend 
to  be  gaussian. 


4  Conclusion 

We  first  showed  that  the  traditional  Wyngaard  correction  using  Pao’s  spec¬ 
trum  tends  to  overestimate  eiso  by  approximately  10%,  whereas  Eisner  et  al.’s 
suggestion  combined  with  a  new  semi-empirical  Reynolds  dependent  model  gives 
a  better  result  in  comparison  with  experiments.  Moreover,  using  Freymuth’s 
theory  about  the  electrical  noise,  we  suggest  an  original  correction  of  the  lon¬ 
gitudinal  spectrum  of  the  dissipation.  The  final  objective  was  to  identify  the 
reasons  for  the  divergence  of  the  derivative  variance  estimates  {Au/AyY  from 
two  closely  spaced  parallel  wires.  A  spectral  study  has  demonstrated  the  pres¬ 
ence  of  an  additional  ’’noise”  between  the  laminar  and  turbulent  cases,  the  level 
of  which  appears  as  unaffected  by  the  wire  overheat.  A  spectral  correction 
method  is  proposed.  The  ensemble  of  our  experimental  results  suggests  to  asso¬ 
ciate  the  problem  only  with  the  aerodynamic  disturbances  of  the  probes.  This 
opens  the  way  to  interesting  speculations  and  new  investigations.  (Supports  of 
PSA  Peugeot-Citroen  and  of  Electricite  de  France  are  gratefully  acknowledged.) 
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Figure  I 


Figure  3 


lO'  lo'  lO'  l(l‘ 


Figure  2 


Figure  4 


Figure  1  :  Different  corrections  of  dissipation  spectruin  for  a  large  Ra- 
Figure  2  :  Noise  in  the  determination  of  (Aw/A?/)^. 

Figure  3  :  Correction  of  the  ’’explosion  ”  phenomenon. 

Figure  4  :  Spectral  behavior  of  (Au/Ay)  for  both  various  Ra  and  overheats. 
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1  Introduction 

Kolmogorov’s  equation  (homogeneous  and  isotropic  relation  linking  the  second- 
and  third-order  moments  of  velocity  increment)  provides  a  simple  method  for 
estimating  the  mean  energy  dissipation  rate  (e)  [1].  When  investigating  low  and 
moderate  Reynolds  numbers,  Kolmogorov’s  equation  is  usually  not  verified.  The 
aim  of  this  study  is  to  identify  the  origin  of  this  shortcoming,  in  the  specific  con¬ 
text  of  what  happens  on  the  centreline  of  a  turbulent  channel  flow.  In  this  case, 
a  generalized  form  of  Kolmogorov’s  equation  is  written  which  includes  an  ad¬ 
ditional  term  reflecting  the  large-scale  turbulent  diffusion  acting  from  the  walls 
through  the  centre  of  the  channel.  We  verify  our  predictions  using  hot-wire  mea¬ 
surements  in  a  fully  developed  turbulent  channel  flow  {Rx  >  36),  analyzed  using 
values  of  the  mean  energy  dissipation  rate  inferred  from  direct  numerical  simu¬ 
lation  (DNS)  data  [2],  for  the  same  flow  and  Reynolds  numbers.  We  point  out 
that,  for  moderate  Reynolds  numbers,  the  mean  turbulent  energy  transferred  at 
a  scale  r  also  contains  a  large-scale  contribution,  reflecting  the  non-homogeneity 
of  these  scales. 


2  Theory  and  Results 

The  determination  of  the  mean  energy  dissipation  rate  (e)  with  relatively  high 
accuracy  is  a  major  challenge  in  experimental  turbulence  research,  since  the 
definition  of  (e),  =  includes  all  velocity  component  derivatives. 

Here,  repeated  indices  indicate  summation,  u  is  the  kinematic  viscosity  of  the 
fluid,  Ui  is  the  fluctuating  velocity  component  in  the  i-th  direction,  and  angular 
brackets  denote  time  averaging, 
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Estimating  (e)  directly  from  this  definition  represents  a  formidable  task  to  the 
experimenter  since  velocity  spatial  derivatives  are  very  difficult  to  obtain  accu¬ 
rately.  Additional  hypotheses  on  the  flow  properties  are  then  necessary.  Homo¬ 
geneity  leads  to  (e)  =  whilst  isotropy  leads  to  (e)iso  = 

where  ui  is  the  longitudinal  (streamline)  velocity  component.  A  simpler  way 
of  estimating  (e)  is  to  focus  on  the  larger  scales  of  the  flow.  Starting  from  the 
Navier-Stokes  (N-S)  equations,  using  homogeneity  and  isotropy,  Kolmogorov’s 
equation  is  obtained  [1]: 

-((Aui)3>  +  =  i(e>r.  (1) 

Uv  o 

where  the  increment  /Aui(r)  =  ni(.^i  -\-r)-ui{xi)  is  measured  along  the  stream- 
wise  direction  Xi .  Writing  Eq.(l)  as  A-\-B  =  C,  term  C,  directly  proportional  to 
the  dissipation  rate  (e),  is  associated  with  the  energy  transferred  at  any  scale  r. 
Relation  (1)  indicates  that  the  mean  energy  transferred  at  a  scale  r  is  composed 
of  both  the  energy  lost  through  the  turbulent  advection  (term  A)  and  the  en¬ 
ergy  lost  by  molecular  destruction  (term  B).  Therefore,  equation  (1)  provides  in 
principle  a  practical  means  of  obtaining  (e),  since  the  second-  and  third-order 
moments  can  be  inferred  from  single  hot-wire  measurements  via  Taylor’s  hy¬ 
pothesis.  It  was  experimentally  demonstrated  that  relation  (1)  is  verified  only 
for  the  small  scales,  wlien  the  Taylor  microscale  Reynolds  number  Rx  is  moder¬ 
ate  [3]  (see  also  our  Fig.  1),  (Rx  =  'iL[X/iy,  where  u\  is  the  longitudinal  velocity 
RMS,  and  A  =  u\/[{{dui/dxiy^)Y^'^  is  the  longitudinal  Taylor  micro-scale).  For 
very  small  scales,  Eq.  (1)  reduces  to  the  isotropic  form  of  (e). 

A  slightly  more  general  relation  between  second  and  third-order  velocity  mo¬ 
ments  has  been  obtained  in  [4],  viz: 

-{Aui{Aui)'^)  +  2iy^{{Auif)  =  ^(e)r.  (2) 

An  analogy  between  this  equation  and  Yaglom’s  equation  for  temperature  in¬ 
crements  is  discussed.  Equation  (2),  which  reduces  for  very  small  scales  to  the 
homogeneous  form  of  (e),  is  also  verified  for  only  the  small  scales,  despite  its 
more  general  character. 

There  is  no  physical  reason  why  Eqs.  (1)  and  (2)  should  not  be  verified, 
since  they  characterize  the  equilibrium  state  of  the  flow.  Our  objective  is  then 
to  understand  more  about  the  mathematical  form  and  the  physical  significance  of 
the  differences  between  the  left  and  right  sides  in  various  forms  of  Kolmogorov’s 
equation,  for  moderate  Reynolds  numbers.  It  is  reasonable  to  think  that  one 
(or  more)  additional  term  has  to  be  taken  into  acc:ount  in  a  ’complete’  form  of 
these  equations.  This  term  plays  the  role  of  a  ’forcing’  term,  and  its  contribution 
would  be  mainly  to  re-establish  the  balance  for  the  large  scales. 

Kolmogorov’s  equation  with  an  additional  forcing  term  has  been  introduced  in  a 
generic  form  by  Fi  isch,  [5],  re-discussed  in  the  wider  context  of  local  homogeneity 
and  isotropy,  by  Hill  [6],  and  further  investigated  by  [7],  [8],  [9]. 
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In  the  present  paper,  we  identify  the  origin  of  the  imbalance  between  the 
different  terms  in  Eqs.  (1)  and  (2)  for  relatively  small  Reynolds  numbers,  on  the 
centreline  of  a  channel  flow.  Channel  flow  does  not  decay,  but  it  is  characterized 
by  lateral  diffusion  in  the  direction  xs,  normal  to  the  wall.  We  take  into  account 
this  (large-scale)  non-homogeneity  when  deriving  Kolmogorov’s  equation,  but 
continue  to  use  local  isotropy  for  terms  such  as  turbulent  advection  and  molecular 
diffusion.  The  generalized  form  of  Kolmogorov’s  equation  is  then: 

-((Aui)^) +6j/^((Aui)^)  -  4  /  J/''5x3(«3{Aui)^>(!/)(i)/ =  he)r,  (3) 

dr  Jq  0 

where  y  is  a  dummy  variable,  representing  the  separation  along  the  xi  direction. 
The  third  term  on  the  left  reflects  the  flow  non-homogeneity  since  it  contains 
derivatives  with  respect  to  0:3.  Similarly,  it  is  possible  to  generalize  Eq.  (2): 

-(Aui(Aui)^) +  2i/^((Auj)^)  -  y‘^d^sM^Uif){y)dy  ='^{e)r,  (4) 

where  y  is  also  considered  along  the  direction.  Equation  (4)  is  then  written 
in  a  dimensionless  form  as  ^4  +  B  +  NH  =  C  {C  =  ^r/r),  t]  =  (z^^/ ).  NH 
expresses  the  non-homogeneity  of  the  flow  and  takes  into  account  all  velocity 
components.  Figure  (1)  contains  all  the  terms  in  (4)  for  Rx  —  36.  Note  that  in 


Figure  1:  Terms  in  Eq.  (4):  term  A  (o),  B  (★),  A  y-  B  (o),  NH  (•).  Term 
A-\-  B  NH  (□)  is  to  be  compared  with  C  (continuous  line) . 

equations  (3)  and  (4),  the  non-homogeneous  terms  are  not  isotropic,  since  they 
retain  an  information  about  the  3-D  large  scale  motion.  However,  these  terms 
have  been  estimated  using  measurements  [2]  and  a  weak  form  of  local  isotropy, 
which  has  been  experimentally  tested. 
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3  Conclusions 

We  have  incorporated  in  Kolmogorov’s  equation  an  additional  term  {NH),  im- 
portant  for  large  scales,  and  of  diminishing  importance  as  the  scales  decrease.  For 
the  intermediate  scales  {brj  <r  <  30r/),  equation  (4)  is  verified  with  an  accuracy 
of  ±15%,  presumably  because  of  the  lack  of  isotropy.  For  the  larger  scales,  the 
equation  is  very  well  verified,  indicating  that  the  main  phenomenon  responsible 
for  the  equilibrium  state  of  the  flow  is  indeed  the  large-scale  non-homogeneity. 
Equation  (4)  is  better  verified  (not  shown  here)  than  (3)  (especially  for  the  very 
large  scales),  indicating  that  all  velocity  components  play  a  different  role  in  the 
energy  budget. 

The  support  of  the  Australian  Research  Council  is  gratefully  acknowledged. 
L.D.  warmly  thanks  Prof.  M.  Coantic  and  J.J.  Lasserre  for  useful  discussions. 
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1  Introduction 

The  enstrophy  the  turbulent  energy  dissipation  rate  e  and  the  tempera¬ 
ture  dissipation  rate  eo  are  important  small-scale  turbulence  characteristics.  For 
example,  e,-  and  the  locally  averaged  values  of  e  and  eo,  feature  in  the  re¬ 
fined  similarity  hypothesis  [1]  and  its  extension  [2,  3]  when  scalar  fluctuations  are 
present.  The  small-scale  characteristics  of  the  scalar  field  are  not  only  influenced 
by  eo,  but  also  by  the  correlation  between  e  and  eo-  While  determinations  of  e 
and  eo  are  feasible  in  direct  numerical  simulations  (DNS),  there  have  not  yet  been 
any  attempts  to  measure  these  quantities  simultaneously.  It  was  shown  [4,  5] 
that  intense  uS^  occurs  in  vortex  tubes  and  e  is  strongly  correlated  with  these 
tubes.  The  regions  where  eo  is  the  largest  are  dissociated  from  these  tubes  and 
occur  as  large  flat  sheets.  This  implies  a  good  correlation  between  e  and  but 
a  poor  correlation  between  eo  and  (or  e).  The  main  objective  of  this  paper 
is  to  examine  the  correlations  between  uSl,  e  and  eo  using  data  obtained  from 
simultaneous  measurements  of  one  vorticity  component  and  two  components  of 
the  temperature  dissipation  rate  in  grid  and  wake  flows.  This  study  represents 
an  attempt  at  simultaneously  measuring  what  are  believed  to  be  more  reason¬ 
able  approximations  to  e  and  eo  than  eiso  =  15^^  u\  i  and  eo-.^^  =  3k  [where 
ui  is  the  velocity  fluctuation  in  the  streamwise  (a:i)  direction,  z/  and  k  are  the 
kinematic  and  thermal  diffusivities,  a^i  =  daldxi]. 


2  Experimental  Details 

Measurements  in  the  grid  (the  Taylor  microscale  Reynolds  number  Rx  is  about 
50)  and  wake  (Rx  —  40)  turbulence  were  carried  out  in  the  same  working  section 
of  the  blower  type  open-circuit  wind  tunnel.  Details  of  the  experimental  facility 
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for  grid  turbulence  can  be  found  in  [6].  A  circular  cylinder  of  diameter  d  =  6.35 
mm  is  electrically  heated  to  generate  temperature  fluctuations.  The  measure¬ 
ment  location  is  at  xi/d  =  240,  where  the  flow  is  self-preserving.  A  probe 
consisting  of  four  hot-wires  (one  X-wire  straddled  by  a  pair  of  parallel  wires) 
and  a  pair  of  parallel  cold- wires  is  used  to  measure  us  and  eo  (two  components  : 

and  61^2)  simultaneously.  The  separations  Ax2  between  the  parallel  hot  wires 
and  A.T3  between  the  two  inclined  wires  of  the  X-wire  respectively,  are  1.6  mm, 
corresponding  to  4.8?/  in  the  grid  and  2.5??  on  the  centreline  of  the  wake  (??  is  the 
Kolmogorov  length  scale).  The  separation  Axc  between  the  parallel  cold  wires  is 
1.95  mm.  All  wires  were  etched  from  Wollaston  (Pt-10%  Rh)  wires.  The  active 
lengths  were  about  800d„;  and  200^,^;  for  the  cold  and  hot  wires  respectively  (d^; 
is  the  diameter  of  the  wire  and  equal  to  0.63  fim  for  the  cold  and  2.5  /im  for 
the  hot  wires).  The  output  signals  from  the  anemometers  were  passed  through 
buck  and  gain  circuits  and  low-pass  filtered  at  a  cut-off  frequency  fc  close  to  the 
Kolmogorov  frequency  /a"(=  Ui/27Trj,  is  the  local  mean  velocity). 


3  Results  and  Discussion 

Since  three  of  the  nine  velocity  derivatives  that  make  up  e  are  measured  simul¬ 
taneously,  assuming  local  isotropy  and  homogeneity,  e  is  approximated  using 
continuity,  e  ~  +  3'i/,j  ^  ,  d-  2?tj;2n2,i).  €-0  can  be  approximated 

using  the  temperature  derivatives  via  eo  —  ^’(^j  +  26*^2 )•  The  previous  relations 
have  been  verified  in  grid  turbulence  [6]  by  comparing  the  measured  values  of  (e) 
and  (eo)  with  those  inferred  from  the  streamwise  decay  rates  of  {q^)  and  {6^). 

The  measured  values  of  (e)  and  {eo)  in  the  wake,  normalized  by  the  half¬ 
width  L,  velocity  defect  Uq  and  the  mean  temperature  AT  relative  to  ambient, 
are  shown  in  Figure  l(a,b)  with  those  in  [7,  8,  9].  Because  of  the  spatial  res¬ 
olution,  the  measured  (uncorrected)  values  of  (e)  (Figure  la)  are  30%  smaller 
than  tliose  of  [7].  Spectral  corrections  [8]  to  the  velocity  derivatives  result  in  an 
increase  of  10%  for  (c).  The  corrected  values  of  (e)  agree  favourably  with  those 
obtained  using  a  3-D  vorticity  probe  [8],  indicating  the  appropriateness  of  the 
above  approximation.  The  magnitude  of  {e)iso  departs  from  the  corrected  value 
of  (e),  especially  near  the  edge  of  the  wake,  reflecting  an  increased  departure 
from  local  isotropy.  The  present  approximation  for  (e^)  (Figure  lb)  is  consis¬ 
tently  smaller  than  those  in  [9]  in  the  central  region  of  the  wake.  The  difference 
between  {eo)iso  f^Jid  {eo)  is  similar  to  that  between  {e)iso  and  {e)  (Figure  la). 

The  correlations  between  enf,  e  and  eo  can  be  quantified  with  the  correla¬ 
tion  coefficient,  [=  («  —  {o')){,8  —  {,6))/(Tacrp-  (7^  and  are  the  standard 
deviations  of  a  and  /?].  They  are  shown  in  Figure  2(a,b).  The  large  values  of 
Piuj?)  ,t,.  and  tlie  small  values  of  in  botli  flows  indicate  a  higli  corre¬ 

lation  between  enstrophy  and  energy 'dissipation  rate  but  a  small  correlation 
between  enstrophy  and  temperature  dissipation  rate.  The  values  of  Pe^,ee^  are 
larger  than  those  of  P(ujI),,  ,  indicating  that  the  temperature  dissipation  field  is 
more  correlated  with  the  energy  dissipation  field  than  with  the  enstrophy  field. 
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Figure  1:  Distributions  of  (e)  and  {eq)  across  the  wake,  (a)  (e);  (b)  (ee).  Present; 
•  ,  corrected;  uncorrected;  V,  isotropic  values.  [7]: - — .  [8]:  A.  [9]:  +. 


Figure  2:  Correlation  coefficients  between  locally  averaged  values  of  cjI,  e  and 
eg.  The  asterisk  denotes  normalization  by  the  Kolmogorov  length  scale  77  = 
(a)  wake;  (b)  grid.  •,  j  V, 


The  magnitudes  of  pa, 13  are  larger  in  the  wake  than  in  grid  turbulence,  possi¬ 
bly  reflecting  the  organized  large-scale  structures  in  the  former  flow,  which  are 
identifiable  in  the  U2  spectrum.  Away  from  the  centreline,  the  influence  on  pa,p 
from  these  structures  increases,  resulting  in  an  increase  in  Pa,i3- 

Jpdfs  between  and  either  e,.  or  eg,,  for  r  =  A  (A  is  the  Taylor  microscale) 
on  the  centreline  of  the  wake  are  shown  in  Figure  3(a,b).  Large  fluctuations  of 
{ojD  j.  are  mainly  associated  with  large  values  of  and  vice  versa.  The  main 
axis  of  the  contours  is  about  45°.  The  results  indicate  that  high  vorticity  regions 
may  contain  large  energy  dissipation  rates.  Figure  3b  indicates  that  large  values 
of  occur  when  eg,,  is  small  and  vice  versa.  These  results  (Figures  2  and  3) 
support  the  DNS-based  observations  [4,  5]. 
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Figure  3:  Jpdfs  of  (cul),.  ~  e,-  and  (cul),,  ~  eo,.  in  the  wake  for  ?•  —  A.  (a) 
a  =  =  0.77];  (b)  o  =  /3  =  ei?,.[p(„2)„  =  0.09]. 

Outer  to  inner  contours  :  0.001,  0.005,  0.01,  0.1,  0.3. 

4  Conclusions 

Using  data  obtained  in  grid  and  wake  turbulence,  the  correlation  between  uj^ 
and  e  is  found  to  be  much  higher  than  that  between  u;'^  and  eo,  in  accord  with 
DNS-based  investigations  [4,5].  The  increased  magnitudes  of  these  correlations 
in  the  wake  are  likely  due  to  the  presence  of  the  organized  large-scale  motion. 
The  support  of  the  Australian  Research  Council  is  gratefully  acknowledged. 
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Thermal  convection  in  a  binary  fluid  mixture  heated  from  below  provides  an 
ideal  system  for  the  study  of  complex  spatio-temporal  dynamics.  For  sufficiently 
negative  separation  ratios  this  system  undergoes  an  oscillatory  bifurcation  from 
the  conduction  state  resulting  in  a  rich  variety  of  behavior  close  to  onset,  in¬ 
cluding  extended  or  localized  traveling  wave  states  in  annular  geometry,  and  the 
so-called  “chevron”  and  “blinking”’  states  in  rectangular  containers  of  moder¬ 
ately  large  aspect  ratio.  In  the  latter  geometry  the  presence  of  sidewalls  destroys 
the  translation  invariance  present  in  an  annulus,  with  important  consequences 
for  the  dynamics  even  in  large  aspect  ratio  containers  [1,  2]. 

To  elucidate  the  effects  of  the  presence  of  sidewalls  in  such  containers  we 
have  calculated  [3]  the  critical  Rayleigh  number  Rc  and  oscillation  frequency  tOc 
at  the  onset  of  oscillatory  convection  in  a  two-dimensional  domain  with  no-slip, 
no-mass-flux  boundary  conditions  for  different  values  of  the  separation  ratio  5, 
the  Prandtl  number  cr,  the  Lewis  number  r,  and  of  the  aspect  ratio  F  of  the  con¬ 
tainer,  assuming  fixed  temperature  along  the  horizontal  boundaries  and  insulat¬ 
ing  sidewalls.  The  parameter  values  used  correspond  to  experiments  performed 
with  normal  ^Hc-'^He  mixtures  [4]  and  water-ethanol  mixtures  [5]  in  narrow  rect¬ 
angular  containers.  In  all  cases  the  first  unstable  mode  has  either  odd  or  even 
parity  under  left-right  reflection,  and  has  the  form  of  a  “chevron”  pattern,  con¬ 
sisting  of  a  pair  of  waves  (usually)  propagating  outwards  from  the  cell  center. 
These  eigenfunctions  describe  rolls  that  are  continually  born  in  the  middle  of 
the  container,  and  travel  towards  the  walls  where  they  disappear  (fig.  1).  Thus 
quite  complex,  albeit  temporally  periodic  behavior,  with  sources  and  sinks,  is 
readily  described  by  linear  eigenfunctions. 

To  study  the  nonlinear  saturation  of  the  first  unstable  mode  we  have  inte¬ 
grated  numerically  the  governing  nonlinear  partial  differential  equations  in  two 
dimensions  for  small  values  of  e  =  {R  —  Rc)/ Rc-  We  find  that  nonlinear  chevrons 
resembling  those  in  fig.  1  are  stable  only  in  a  very  narrow  range  of  R  and  5, 
cf.  [6],  and  that  they  lose  stability  via  a  subcritical  secondary  Hopf  bifurcation 
to  a  state  consisting  of  waves  that  travel  back  and  forth  in  the  cell,  i.e.,  a  blink¬ 
ing  state.  This  observation  is  consistent  with  the  expected  effects  of  breaking 
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even  mode  temperature 


odd  mode  temperature 


Figure  1:  Space-time  plots  of  the  midplane  temperature  for  the  first  two  critical 
modes  in  a  F  =  34  container,  with  time  increasing  upwards  and  x  horizontally. 
The  parameter  values  a  =  0.6,  r  =  0.03,  S  —  —0.021  correspond  to  a  normal 
■'^He-'^He  mixture  [4].  The  critical  Rayleigh  numbers  and  frequencies  (in  vertical 
thermal  diffusion  times)  are  (a)  Rc  =  1828.461,  oJc  =  2.077  (odd  mode),  (b) 
Rc  =  1829.961,  u)c  =  2.062  (even  mode). 


translation  symmetry  due  to  distant  walls  [1,  7].  Depending  on  the  parameters 
and  the  aspect  ratio  wo  find  blinking  states  that  evolve  regularly  or  irregularly 
in  time,  in  accord  with  both  experimental  results  [5]  and  theory  [8].  For  other 
parameters,  for  which  the  chevrons  are  subcritical  and  hence  unstable,  an  initial 
chevron-like  disturbance  grows  exponentially  from  random  initial  conditions  but 
does  not  saturate.  Instead,  it  begins  to  blink  [9]  but  since  the  blinking  states 
are  also  unstable  the  resulting  state  collapses  to  small  amplitude,  before  a  new 
chevron-like  disturbance  emerges  from  the  collapsed  state  (see  fig.  2).  Repeated 
transients  of  this  type  have  been  observed  experimentally  in  water-ethanol  mix¬ 
tures  [5].  The  top  panel  (fig.  2a)  shows  the  distribution  of  the  concentration  at  a 
particular  instant  in  time  (indicated  by  a  vertical  arrow) ,  and  confirms  that  the 
growing  pattern  is  an  even  chevron  as  predicted  by  linear  theory.  Fig.  2b  shows 
a  long  but  apparently  nonperiodic  sequence  of  repeated  transients  using  the  ver¬ 
tical  velocity  v~{x  =  0. 13^,2  =  0.5)  as  a  point  indicator  of  the  dynamics  of  the 
system.  This  measure  is  analogous  to  the  point  measure  employed  by  Kolodner 
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Figure  2:  Repeated  transients  for  a  water-alcohol  mixture  in  a  F  =  16  container 
at  e  =  2.6  10“'^.  The  first  unstable  mode  is  an  even  chevron  with  =  1777.528, 
ujc  —  2.854.  Fig.  (a)  shows  the  concentration  field  at  the  instant  indicated, 
revealing  substantial  concentration  fluctuation  even  at  these  small  values  of  e. 
Figs.  (b,c)  show  v~{x  =  0.13L,z  =  0.5,  over  7.8  horizontal  thermal  diffusion 
times,  and  a  detail  that  shows  the  onset  of  blinking  followed  by  collapse.  The 
detailed  appearance  of  the  time  series  depends  on  the  location  x. 


Figure  3:  Periodic  blinking  states  for  a  water-alcohol  mixture  in  a  F  —  16.5 
container  at  e  =  8.4  lO"'^.  For  these  parameter  values  i?,c  =  1776.505,  Uc  = 
2.785.  Figs.  (a,b)  show  the  temperature  field  at  the  two  instants  indicated  by 
the  vertical  arrows;  fig.  (c)  shows  =  0.13L,2:  =  0.5,  t)  after  transients  have 
died  out.  The  blinking  period  is  approximately  1.1  horizontal  thermal  diffusion 
times. 
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in  his  experiments.  Fig.  2c  shows  a  detail  of  the  onset  of  the  blinking  phase  and 
the  subsequent  collapse.  In  fig.  3  we  show  a  time-periodic  blinking  state  at  a 
slightly  higher  value  of  e.  Figs.  3a, b  show  the  temperature  field  at  two  times 
separated  by  approximately  half  the  period  of  a  blink.  These  figures  show  waves 
that  are  localized  in  opposite  parts  of  the  container.  The  resulting  solution  may 
be  understood  as  an  oscillation  between  the  amplitudes  of  the  constituent  left- 
and  right- traveling  waves;  the  waves  themselves  do  not  reverse  their  direction  of 
propagation.  Such  an  oscillation  results  in  a  lateral  oscillation  of  the  “source” 
from  which  the  waves  appear  to  be  emitted  (cf.  fig.  1).  The  corresponding  time 
series  (fig.  3c)  shows  that  despite  the  complex  dynamics  the  “reversals”  are  pe¬ 
riodic  in  time.  The  behavior  shown  in  figs.  2  and  3  occurs  in  a  regime  in  which 
the  conduction  state  is  unstable  to  one  mode  only,  and  consequently  represents 
the  result  of  secondary  bifurcations  from  a  (stable  or  unstable)  small  amplitude 
chevron  state  [1,  7].  The  associated  timescale  is  therefore  necessarily  long  com¬ 
pared  with  the  basic  Hopf  frequency,  as  observed.  We  were  nnable  to  reproduce 
the  bursts  observed  by  Sullivan  &  Ahlers  [4]  for  the  parameters  of  fig.  1. 
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1  Introduction 

A  Rayleigh-Benard  experiment  is  performed  with  cryogenics  helium  in  a  mono- 
disperse  rough  surface  cell.  The  fluid  is  enclosed  in  a  /i  =  20  cm  high  cylindrical 
cell  of  aspect  ratio  0//i  =  0.5.  A  110  microns  deep  90  deg  V-shape  groove  covers 
all  the  interior  of  the  cell.  Roughness  aside,  geometry,  materials  and  measuring 
apparatus  are  similar  to  the  smooth  surface  (a  few  microns  roughness)  Rayleigh- 
Benard  experiment  described  in  [1,  2].  The  cell  is  successively  filled  with  5 
different  densities.  For  each  density,  the  mean  temperature  and  the  temperature 
difference  is  varied  within  the  Boussinesq  approximation  given  by  the  a.DT  <  30 
%  criterion,  where  a  is  the  thermal  expansion  coefficient.  The  Rayleigh  (Ra) 
and  Nusselt  (Nu)  numbers  presented  are  corrected  for  the  adiabatic  gradient  [3]. 


2  Hard  turbulence 

Figure  1  gathers  the  data  of  Chavanne  and  al  [3]  (smooth  surface  cell)  and  ours. 
From  Ra  =  10^  up  to  Ra  =  2,10^7  in  the  hard  turbulence  regime,  the  Prandtl 
(Pr)  number  remains  close  to  0.9  (±0.25)  in  both  experiments.  According  to 
the  well  validated  A  =  formula,  the  thermal  boundary  layer  thickness  A  is 
always  at  least  1.5  times  larger  than  the  roughness  in  the  rough  cell.  Within 
the  data  uncertainty,  there  is  no  clear  difference  between  the  results  from  both 
experiments.  This  qualitative  result  was  already  obtained  by  others  [4,  5]  but 
on  a  much  smaller  range  of  Rayleigh  numbers.  This  result  validates  the  intuitive 
idea  that  turbulent  heat  transfer  in  the  hard  turbulence  regime  is  not  affected 
by  sub-boundary  layer  roughness. 
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Figure  1:  Nusselt  number  versus  Rayleigh  number  for  (circles)  the  rough  surface 
cell  and  (crosses)  the  smooth  surface  one  [3]. 


3  New  regime 


Fi’om  Ra  =  2.10^^  up  to  Ra  =  2.10^^,  A  <  110  microns  and  no  clear  difference 
appears  between  both  sets  of  data.  Within  data  uncertainty,  the  rising  of  the 
new  regime  first  observed  in  [3]  is  indeed  not  affected  by  the  roughness. 

Above  Ra  =  2.10^’^  (A  <  110  microns),  the  new  regime  in  our  rough  cell  can 
be  fitted  by  a  power  law  Nu  ~  Ra^  with  ^  —  0.51  ±  0.01.  This  exponent  opti¬ 
mises  the  compensated  plots  versus  Ra  for  the  three  different  Pr  numbers 
(1.45,  3.65,  4.9)  explored  above  Ra  =  2.10^*-^  (see  second  plot).  The  two  lowest 
Pr  numbers  were  obtained  for  a  density  of  39.8  kg/m^  and  Pr=4.9  for  a  density 
of  66.3  kg/m^.  The  Pr  dependence  of  the  prefactor  is  weak  :  around  a  10  % 
increase  for  more  nearly  240  %  increase  of  the  Pr  number.  The  data  are  robust 
to  a  tilt  of  the  cell  (5  deg)  and  to  a  non-symmetrical  bottom  plate  heating  [6]. 
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Figure  2:  Compensated  Nusselt  number  versus  Rayleigh  number  for  three 
different  Prandtl  numbers. 

4  Discussion 

The  13  exponent  found  is  in  perfect  agreement  with  the  Kraichnan  prediction  [7]. 
It  also  validates  Chavanne  prediction  that  an  appropriate  roughness  allows  to 
observe  the  0.5  exponent  for  Rayleigh  numbers  as  low  as  Ra  =  2.10^^  [1].  A 
recall  of  [3]  results  is  preferable  to  understand  this  last  prediction.  In  this  paper 
a  new  turbulent  regime  was  found  for  Ra  >  2.10^h  The  ^  exponent  between 
Ra  >  2.10^^  and  the  highest  Rayleigh  numbers  obtained  (2.10^'^)  was  0.38.  This 
new  regime  was  identified  with  the  ultimate  regime  predicted  by  Kraichnan  in 
1962  [7].  This  ultimate  regime  is  characterised  by  turbulent  boundary  layers  and 
an  exponent  ^  =  0.5,  but  the  variation  of  the  boundary  layer  thickness  add  a 
logarithmic  correction  to  /3  for  the  lower  Nu  numbers.  An  experimental  approach 
to  observe  the  (3  =  0.5  exponent  for  Rayleigh  numbers  as  low  as  Ra  =  2.10^^  is 
to  cancel  the  logarithmic  term.  A  110  microns  roughness  imposes  a  lower  bound 
to  the  turbulent  boundary  layer  thickness.  According  to  the  formula  mentioned 
previously,  A  =  110  microns  for  Ra  =  2.10^^  which  means  that  above  this 
Rayleigh  number,  the  logarithmic  correction  is  cancelled  and  the  experimental 
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observation  of  the  0.5  exponent  becomes  possible. 

Another  interpretation  can’t  however  be  discarded.  If  the  boundary  layer 
remains  laminar  up  to  the  highest  Rayleigh  numbers,  the  effective  surface  seen 
by  the  fluid  will  increase  as  the  boundary  layer  gets  thinner  than  the  roughness. 
This  would  result  in  an  increase  of  the  Nusselt  number  compatible  with  our  data. 
The  measurement  of  an  effective  exponent  P  of  0.51  ±  0.01  over  more  than  one 
decade  would  then  be  pure  coincidence. 


5  Conclusion 

From  calorimetric  measurements  in  a  rough  surface  Rayleigh-Benard  cell, 

-  we  validated  over  4  to  5  decades  the  statement  that  sub-boundary  layer 
roughness  in  Rayleigh-Benard  cells  doesn’t  affect  global  heat  transfer  in  the 
hard  turbulence  regime. 

-  we  report  the  first  observation  of  a  Nu  ~  Ra^-^  power  law  above  Ra  = 
2.10^^.  This  regime  may  be  identified  with  Kraichnan  ultimate  convection 
regime. 
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Rayleigh-Benard  turbulence  is  one  of  the  classical  problems  of  hydrodynam¬ 
ics.  After  the  experiments  by  Libchaber  and  coworkers  [2]  it  was  generally 
believed  that  in  the  high  Rayleigh  number  regime  the  Nusselt  number  scales  as 

Nu  ~  Ra^  (1) 


with  7  =  2/7.  For  many  further  experiments  which  seem  to  confirm  this  point 
of  view  and  for  theoretical  explanations  we  refer  to  the  review  article  by  Siggia 

[81-  .  , 

Various  recent  experimental  measurements  of  the  Nu  number  as  a  function  of 

both  Ra  and  the  Prandtl  number  Pr  increase  more  and  more  doubts  whether  eq. 
(1)  is  the  end  of  the  story,  as:  (i)  Low  Prandtl  number  measurements  by  Cioni 
et  al.  [4]  (mercury,  Pr  =  0.025)  and  by  Horanyi  et  al.  [6]  (sodium,  Pr  =  0.005) 
reveal  smaller  scaling  exponents,  namely  7  =  0.26  ±  0.02  and  0.25,  respectively. 
Also  the  Pr  dependence  of  Nu  (for  fixed  Ra)  was  unexpected,  (ii)  The  exper¬ 
iments  by  Chavanne  et  al.  [3]  with  turbulent  thermally  driven  helium  beyond 
Ra  =  10^^  showed  a  much  stronger  increase  of  Nu  with  increasing  Ra  than 
previously  thought,  (hi)  Very  recent  measurements  by  Niemela  et  al.  [7]  with 
extremely  high  Ra  up  to  10^^  reveal  a  scaling  exponent  of  7  =  0.309  ±  0.004  in 
eq.  (1).  (iv)  The  experiments  of  the  Ahlers  group  [10]  achieve  utmost  precision 
and  reveal  that  the  dependence  of  Nu  on  Ra  cannot  be  discribed  by  a  single 
power  law.  All  these  puzzling  observations  can  be  resolved  within  a  recently  sug¬ 
gested  systematic  and  unifying  theory  for  scaling  of  Nu  and  of  the  large  scale 
wind  Reynolds  number  Re  in  strong  Rayleigh-Benard  convection  [5]. 

The  key  idea  of  the  theory  [5]  is  to  split  the  total  kinetic  energy  dissipation 
rate  €„  and  the  total  thermal  dissipation  rate  eo,  for  which  exact  expressions 
as  a  function  of  Nu,  Ra,  and  Pr  exist  [8],  into  boundary  layer  (BL)  and  bulk 
contributions. 


— 

60  = 


^(Vii  -  l)RaPr  =  Cu, 

=  ^0,BL  +  ^9Mdk‘ 


BL  +  6u,6ii/A;? 


(2) 

(3) 


921 


922 


Siegfried  Grossinann  and  Detlef  Lohse 


-10  - 1 

5  10  15  20 

Ig  Ra 

Figure  1:  Thermal  convection  phase  diagram  in  the  Ra  -  Pr  plane. 


regime 

dominance  of 

BLs 

Nu 

Re 

h 

In 

^0,BL 

A„  <  Xo 

Au  >  Xo 

0.037i?a^/2Pr-^/'^ 

0.039Pa^/^P7'~^/® 

III 

eu,bulk,  ^0,BL 

Xu  <  Xo 

0.97Ra'-/^PP'^ 

QATRai^/^Pr-^^^ 

nil 

IIIu 

^u,BL,  ^0,bulk 

Xu  Xq 
Xu  >  ^0 

6.43  • 

3.43  ■  10-^Pa-'*/’'Pr-'/^ 

5.24  •  W-'Ra^/^Pr-P^ 
6.46  ■  10-®Pa‘‘''’P)'-®/^ 

IV, 

IVu 

^uj)ulk^  ^0,bulk 

Xu  <  Xo 
Xu  >  Xo 

4.43  ■  10-‘'Pa^/^P;-‘''^ 
0.038PfiV^ 

0.036Pai/''^P;--''''" 

0.16Pa‘'/*>Pj-'^''2 

Table  1:  The  power  laws  for  Nu  and  Re  of  the  theory  or  ref.  [5],  including  the 
prefactors  which  are  adopted  to  four  pieces  of  experimental  information. 


This  kind  of  thinking  immediately  suggests  the  existence  of  four  main  regimes: 

(1)  Both  e.„.  and  eo  are  dominated  by  their  BL  contributions; 

(II)  Eo  is  dominated  by  eq^dl  and  e„  is  dominated  by  ^Ufbulk ) 

(III)  Eu  is  dominated  by  Eu,bl  and  eo  is  dominated  by  Eo^buikA 

(IV)  both  Eu  and  eq  are  bulk  dominated. 

The  estimates  for  the  individual  contributions  on  the  rhs  of  eqs.  (2)  and 
(3)  are  based  on  the  dynamical  equations  in  the  bulk  and  in  the  boundary 
layers.  The  crucial  assumption  for  those  estimates  is  the  existence  of  a  large 
scale  “wind  of  turbulence”.  This  wind  of  turbulence  was  doubtlessly  detected 
in  various  experiments  [1,  9,  2].  Therefore  we  consider  the  assumption  as  weak 
and  in  particular  also  as  controllable. 

Further  ingredients  are  the  widths  of  the  kinetic  and  the  thermal  BLs,  A„  ~ 
X()  ~  L/Nu.  The  estimates  for  the  individual  rhs  contributions  in  eqs. 

(2)  and  (3)  differ  depending  on  whether  the  thermal  BL  is  nested  into  the  kinetic 
one  or  vice  versa,  splitting  the  phase  space  into  an  upper  (large  Pr,  A„  >  A^;) 
and  a  lower  domain  (small  Pr,  Xu  <  Xq)  which  we  mark  with  indices  “u”  and 
“1”,  respectively.  Note  that  for  the  kinetic  BL  we  assumed  a  laminar  BL  (i.e., 
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Figure  2:  To  test  whether  an  eq.  of  type  (4)  is  consistent  with  experimental 
data,  we  plot  Nu/{Ra°‘^ Pr^^)  vs  .  Left:  for  the  helium  data 

by  Chavanne  et  al.  [3]  where  regimes  //  and  II lu  are  the  relevant  regimes,  center: 
for  the  helium  data  by  Niemela  et  al.  [7]  where  regimes  R  and  IVu  are  the  relevant 
ones,  and  right:  for  the  aceton  data  by  Xu  et  al.  [10]  where  regimes  and  IIIu 
are  the  relevant  ones.  Note  that  Pr  is  not  constant  in  (left). 


a  BL  of  Blasius  type).  This  assumption  is  justified  as  long  as  Re  relatively  low. 
Only  for  the  very  large  Ra  we  expect  the  laminar  BL  to  become  turbulent  which 
will  lead  to  a  transition  in  the  phase  diagram  from  II  to  IP,  etc. 

Limitations  of  the  theory  are  towards  very  large  Pr  as  there  Re  becomes  too 
small  and  the  flow  therefore  viscous  as  well  as  towards  very  small  Pr  as  there 
Nu  =  1,  i.e.,  only  molecular  heat  transport. 

The  phase  diagram  resulting  from  the  theory  [5]  is  shown  in  figure  1,  the 
corresponding  power  laws  in  table  1.  The  prefactors  in  the  respective  regimes 
are  adopted  to  very  few  experimental  information,  see  ref.  [5].  The  tiny  regime 
right  of  regime  7/  is  regime  777;.  On  the  dashed  line  it  is  A„  =  A^.  In  the  shaded 
regime  for  large  Pr  it  is  Re  <  50,  in  the  shaded  regime  for  low  Pr  we  have 
Nu  =  1.  The  dotted  line  indicates  the  onset  of  turbulence  in  the  laminar  kinetic 
BL.  The  scaling  in  regime  77/  is  therefore  as  in  the  bulk  dominated  regime  IVi. 

The  most  striking  feature  of  the  phase  diagram  figure  1  is  that  it  is  decom¬ 
posed  into  many  subdomains.  Therefore  one  cannot  expect  to  observe  clean 
scaling  over  several  orders  of  magnitude  in  Ra  or  Pr.  Neighboring  regimes 
will  always  matter.  Therefore,  rather  than  the  pure  scaling  law  (1)  one  should 
consider  superpositions  of  neighboring  regimes, 

Nu  =  aRa^^Pr^^^  +  bRa°‘^Pr^\  (4) 

Re  =  a'Ra^^'^  Pr^'^  +  PRa^'^  Pr< ,  (5) 

with  the  OLi,  a'-  depending  on  what  the  relevant  regimes  are,  i.e.,  on  Ra  and  Pr. 

The  best  way  to  test  eqs.  (4)  and  (5)  is  to  plot  Nu/{Ra°^^ Pr^"^)  vs 
Ra^z-ai pra4-a2  g^^d  Re/ {Ra°‘'^ Pr^''^)  vs  7?a“3““iPr“4““2.  If  eqs.  (4)  and  (5) 
hold,  this  should  result  into  straight  lines.  This  kind  of  plot  is  done  in  figure  2. 
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Indeed,  in  all  cases  a  straight  line  results. 

Note  that  with  our  theory  [5]  the  power  law  Nu  ~  does  not  result  in 

any  domain  of  the  phase  space.  However,  a  linear  combination  of  the  1/4  and  the 
1/3  power  laws  for  Nu  with  Ra,  Nu  =  0.27Ra^/'^  +  0.038i?n^/^  (the  prefactors 
follow  from  experiment),  mimicks  a  2/7  power  law  exponent  in  a  regime  as  large 
as  ten  decades  [5). 

Acknowle(lgem,ent:  We  are  grateful  to  K.  R.  Sreenivasan  and  G.  Aiders  for  vari¬ 
ous  discussions  and  for  letting  us  reproduce  their  experimental  data.  This  work 
was  supported  by  FOM. 


References 

[1]  A.  Belmonte,  A.  Tilgner,  and  A.  Libchaber.  Temperature  and  velocity 
boundary  layers  in  turbulent  convection.  Phys.  Rev.  E,  50:269-279,  1994. 

[2]  B.  Castaing,  G.  Gunaratne,  F.  Heslot,  L.  Kadanoff,  A.  Libchaber, 
S.  Thomae,  X.  Z.  Wu,  S.  Zaleski,  and  G.  Zanetti.  Scaling  of  hard  ther¬ 
mal  turbulence  in  Rayleigh-Benard  convection.  J.  Fluid  Meek.,  204:1-30, 
1989. 

[3]  X.  Chavanne,  F.  Chilla,  B.  Castaing,  B.  Hebral,  B.  Chabaud,  and 
J.  Chaussy.  Observation  of  the  ultimate  regime  in  Rayleigh-Benard  con¬ 
vection.  Phys.  Rev.  Lett..^  79:3648-3651,  1997. 

[4]  S.  Cioni,  S.  Ciliberto,  and  J.  Sommeria.  Strongly  turbulent  Rayleigh-Benard 
convection  in  mercury:  comparison  with  results  at  moderate  Piandtl  num¬ 
ber.  J.  Fluid  Meek.,  335:111-140,  1997. 

[5]  S.  Grossmann  and  D.  Lohse.  Scaling  in  thermal  convection:  A  unifying 
view.  J.  Fluid.  Mech.,  407:27-56,  2000, 

[6]  S.  Horanyi,  L.  Krebs,  and  U.  Muller.  Turbulent  Rayleigh-Benard  convection 
in  low  Prandtl  number  fluids.  Int.  J.  of  Heat  Mass  Transfer,  42:3983-4003, 
1999. 

[7]  Niemela,  L.  Skrebek,  K.  R.  Sreenivasan,  and  R.  Donelly.  To  appear  in  Na¬ 
ture,  2000. 

[8]  E.  D.  Siggia.  High  Rayleigh  number  convection.  Annu.  Rev.  Fluid  Mech., 
26:137-168,  1994. 

[9]  Y.  B.  Xin,  K.  Q.  Xia,  and  P.  Tong.  Measured  velocity  boundary  layers  in 
turbulent  convection.  Phys.  Rev.  Lett.,  77:1266-1269,  1996. 

[10]  X.  Xu,  K.  M.  S.  Bajaj,  and  G.  Aiders.  Heat  transport  in  turbulent  Rayleigh- 
Benard  convection.  Submitted  to  Phys.  Rev.  Lett,  2000. 


ADVANCES  IN  TURBULENCE  VIII 
Proceedings  of  the  Eighth  European  Turbulence  Conference 

C.  Dopazo  et  al.  (Eds.) 
©  CIMNE,  Barcelona  2000 


Cryogenic  Ultra-High  Rayleigh  Number 

Turbulence 

J.J.  NiemelaS  L.  SkrbekS  K.R.  Sreenivasan  ^  and  R.J.  Donnelly^ 

^Cryogenic  Helium  Turbulence  Laboratory,  University  of  Oregon 
Eugene,  Oregon  97403,  USA 

^Department  of  Mechanical  Engineering,  Yale  University 
New  Haven,  Connecticut  06520,  USA 

Contact  e-mail:  joe@vortex.uoregon.edu 

Turbulent  thermal  convection  can  be  described  by  three  dimensionless  pa¬ 
rameters:  the  Rayleigh  number,  Ra  =  agATL^ /uk  ,  Prandtl  number  Pi-  =  ly/n, 
and  aspect  ratio,  P  =  DJL,  where  g  is  the  acceleration  of  gravity,  AT  is  the 
vertical  temperature  difference  across  the  fluid  layer  of  height  L,  and  a,  i'  and  k, 
are  respectively  the  thermal  expansion  coefficient,  kinematic  viscosity  and  ther¬ 
mal  diffusivity  of  the  fluid.  D  is  a  characteristic  horizontal  length  scale;  for 
a  cylindrical  cell  it  is  the  diameter.  We  report  heat  transfer  measurements  in 
turbulent  thermal  convection  using  helium  gas  in  the  temperature  and  pressure 
ranges  A.2>K  <T  <6K  and  0.1  mbar<  P  <3  bar,  contained  in  a  large  Rayleigh- 
Benard  cell  of  height  L  =  Im,  covering  11  decades  in  Ra,  10®  <  Ra  <  10^^  [1]. 
Our  data  overlap  previous  measurements  [2,  3]  without  relying  on  the  divergence 
of  fluid  properties  near  the  critical  point,  resulting  in  nearly  constant  Pr  and 
negligible  non-Boussinesq  effects  in  the  overlap  region.  To  facilitate  comparison 
with  [2,  3],  we  retain  the  aspect  ratio  P  =  1/2. 

It  is  of  considerable  importance  to  predict  the  efficiency  of  heat  transport 
at  large  Ra,  represented  by  the  Nusselt  number,  Nu,  defined  as  the  total  heat 
flux  normalized  by  its  conductive  contribution.  Simple  scaling  arguments  and 
experiments  have  suggested  Nu  ~  Ra^ .  As  summarized  in  [4] ,  marginal  stability 
arguments  and  dimensional  reasoning  produced  the  ’’classical”  result:  ^  =  1/3, 
while  the  so-called  asymptotic  ’’Kraichnan  regime”  suggests  ^  =  1/2.  Helium  gas 
experiments  of  Wu  [2]  up  to  10^“^  yielded  exponents  closer  to  2/7  and  somewhat 
higher  for  aspect  ratio  0.5  (see  below)  stimulating  other  scaling  theories,  also 
reviewed  in  [4]. 

In  contrast  to  [2],  cryogenic  helium  experiments  by  Chavanne  et  al.[3]  dis¬ 
played  a  continual  increase  in  P  with  increasing  Ra,  attaining  a  value  close  to 
0.4  at  Ra  10^^.  This  was  attributed  to  a  transition  to  the  asymptotic  regime; 
however,  it  has  not  been  observed  in  recent  Hg  experiments  up  to  Ra  ^  10^^ 
[5],  nor  in  recent  SFq  experiments  [6],  where  (for  constant  Pr)  a  power  law  with 
^  =  0.3  ±  0.03  is  reported  for  all  Ra  up  to  10^^. 
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Figure  1:  The  log-log  plot  of  Nu  normalized  by  different  scaling  functions. 

Our  measurements  in  a  F  =  1/2  cell  [1]  also  do  not  show  any  transition 
to  an  asymptotic  regime,  and  yield  an  overall  exponent  for  developed  thermal 
turbulence  jS  ^  0.31  (preliminary  data  in  a  F  =  1  cell  are  consistent  with 
this  scaling)  over  the  whole  range  10^  <  Ra  <  10^^.  Our  results  are  shown 
normalized  to  various  expressions  in  figure  1.  It  includes  the  least-squares  fit 
Nu  =  where  the  three  significant  figures  result  from  the  fit¬ 

ting  procedure  alone.  Our  data  can  be  equally  well  described  by  a  ’mean-field’ 
result  [7]  Nu  ~  with  only  one  adjustable  parameter  (the 

prefactor)  instead  of  two  for  the  simple  power  law.  Exponents  1/3  and  2/7  are 
ruled  out:  the  latter  perhaps  could  be  applied  to  a  narrow  region  up  to  Ra  ss  10®. 

We  remark  on  the  newer  theory  of  Grossman  and  Lohse  [8].  The)''  propose  a 
superposition  of  power  laws  Nu  =  0.27 -1- 0.038i?,a^/®  that  can  mimic 
a  single  power  law  over  many  decades  of  Ra.  It  can  be  satisfactorily  fitted  to 
our  data  with  slightly  different  prefactors  (approximately  0.2  and  0.04). 

To  first  order,  ^  does  not  change  significantly  if  one  or  more  decades  of  Ra 
in  the  developed  turbulence  range  are  removed  from  the  fitting  procedure.  It 
can  depend,  however,  on  the  fluid  properties  used  to  evaluate  Nu  and  Ra.  The 
currently  accepted  property  values  [9]  have  changed  significantly  from  the  older 
ones  [10],  used  to  evaluate  Ra,  and  Nu  in  Wu’s  original  experiments[2].  By  far 
the  most  significant  change  is  a  decrease  by  (5  —  10)%  in  the  thermal  conductivity. 
We  have  recalculated  Wu’s  original  F  =  0.5  data  to  take  into  account  all  changes 
in  property  values  as  well  as  a  small  correction  due  to  the  adiabatic  gradient. 
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Figure  2:  Figure  2.  Local  Nu-  Ra  scaling  exponents  for  successive  3-decade 
intervals,  plotted  against  Ra  at  the  mid-point  of  each  interval. 


The  scaling  for  Wu’s  F  =  0.5  data  is  affected  primarily  for  Ra  >  10^°,  where  the 
fractional  change  in  thermal  conductivity  between  [9]  and  [10]  begins  to  vary 
significantly  -  otherwise  Nu  is  simply  shifted  up  with  no  change  in  slope. 

Although  the  Nu  -  Ra  scaling  for  our  data  can  be  described  to  a  good 
approximation  by  a  single  exponent  0.31  over  the  entire  range  of  i?a,  we  exam¬ 
ine  it  ’’microscopically”  in  figure  2,  along  with  similar  analysis  for  helium  data 
of  Wu  [2]  and  Chavanne  [3].  The  local  scaling  exponents  are  calculated  from 
least-squares  fits  over  3-decade  intervals  in  Ra  and  are  plotted  versus  Ra  that 
corresponds  to  the  middle  of  each  interval.  The  first  interval  coveis  the  range 
10®  <Ra<  10®.  From  the  tabulated  values  of  Nu  and  Ra  in  Chavanne’s  Thesis 
[3],  only  those  points  determined  to  be  Boussinesq  by  the  author’s  prescription 
were  used.  Included  in  the  plot  are  data  points  derived  from  the  recalculated 
Nu  -  Ra  data  of  Wu  [2]  for  the  F  =  0.5  cell,  as  well  as  for  the  F  -  1  and  F  =  6.7 
cells.  We  note  that  the  local  exponent  corresponding  to  the  highest  Ra  for  each 
data  set  was  calculated  from  an  interval  slightly  less  than  3  decades.  The  recent 
S Fq  data  [6]  are  represented  as  a  horizontal  dotted  line  with  an  associated  error 
bar.  Although  we  hesistate  to  extract  too  much  information  from  this  kind  of 
detailed  analysis,  we  can  nonetheless  make  a  few  general  observations. 

First,  the  use  of  revised  fluid  properties  [9]  to  recalculate  Wu’s  F  =  0.5  data 
results  in  a  clear  increase  in  the  scaling  exponent  above  Ra  ^  10^®,  as  expected 
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from  considerations  above,  and  closely  matches  our  results.  Indeed,  the  scaling 
relation  derived  from  Wu’s  re-analyzed  data  yields  Nit  =  for  all 

Ra  >  bxlO'^,  where  the  turbulence  is  presumably  fully  developed.  This  scaling 
exponent  is  significantly  greater  than  the  previously  reported  value  0.290  ±0.005. 

Second,  it  appears  that  the  2/7  law  can  be  applied  over  narrow  regions  for 
most  data  sets.  It  is  indeed  not  inconsistent  with  our  data  over  the  limited  range 
10*^  <  Ra  <  10^  where  the  calculated  exponent  is  0.29. 

Third,  the  scaling  exponents  derived  from  Wirs  and  our  helium  experiments 
display  a  spread  of  values  that  are  more  or  less  consistent  with  the  size  of  the 
error  bar  for  the  SFq  experiments  [6].  In  accord  with  the  discussion  above,  those 
from  Chavanne’s  data  show  significant  differences  from  the  others  for  Ra  >  10^^. 

The  authors  acknowledge  valuable  discussions  with  many  colleagues  during 
various  stages  of  this  research,  supported  by  NSF  grant  DMR-9529609. 
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1  Introduction 

Recent  experiments  at  ENS  Paris  and  at  the  University  of  Oregon  by  Tabeling, 
Donnelly  and  coworkers  have  showed  that  turbulence  in  helium  II  is  very  similar 
to  turbulence  in  a  classical  fluid.  For  example,  measurements  of  the  decay  of 
vorticity  produced  by  a  towed  grid  gave  the  same  decay  rate  in  helium  II  as  in  a 
classical  fluid  [1].  Furthermore,  the  same  Kolmogorov  5/3  spectrum  of  classical 
turbulence  was  observed  [2]  in  helium  II.  These  experiments  have  renewed  the¬ 
oretical  work  in  the  hydrodynamics  of  helium  II.  Additional  interest  arises  from 
the  cryogenics  engineering  applications. 

According  to  Landau’s  model  [3],  helium  II  can  be  described  as  the  intimate 
mixture  of  two  fluid  components,  the  superfluid  and  the  normal  fluid,  each  hav¬ 
ing  its  own  velocity  and  density  field.  The  superfluid,  which  is  inviscid,  is  like  a 
classical  Euler  fluid.  The  normal  fluid,  which  is  viscous,  is  like  a  classical  Navier 
Stokes  fluid.  The  relative  proportion  of  normal  fluid  and  superfluid  depends 
on  the  absolute  temperature  T.  At  absolute  zero  helium  II  is  entirely  super¬ 
fluid;  if  T  is  increased  then  the  relative  amount  of  normal  fluid  increases  until, 
at  the  phase  transition  temperature  T  =  2.17  K,  there  is  no  superfluid  compo¬ 
nent  left  and  helium  11  becomes  helium  I,  which  is  a  classical  Navier  Stokes  fluid. 

What  makes  helium  II  particularly  interesting  is  that  superfluid  vorticity  ex¬ 
ists  only  in  the  form  of  long  thin  vortex  filaments  [4]  around  which  the  circulation 
is  quantized  according  to  the  rule 


V*  ■  di  =  r,  (1) 

where  v*  is  the  superfluid  velocity  field,  C  is  a  circular  path  around  the  vortex 
core  and  F  =  9.97  x  lO"'*  an?  J sec  is  the  quantum  of  circulation  (Plank’s  constant 
divided  by  the  mass  of  the  helium  atom).  Since  the  vortex  core  region  (where 
quantum  effects  dominate)  is  of  microscopic  size  10"^  cm)  while  the  length 
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of  a  vortex  filament  is  macroscopic,  the  classical  Euler  theory  of  inviscid  vortex 
filaments  of  infinitesimal  thickness  [5]  applies  well  to  helium  11.  The  evolution  of 
a  siipcrfliiid  vortex  line  is  therefore  determined,  first  of  all,  by  the  Biot-Savart 
law,  which  says  that  the  self-induced  velocity  of  a  vortex  filament  at  the  point  r 
is 


v:WW  =  £/ 


(r'  -  r)  X  dr' 


—  rl'^ 


(2) 


where  the  integral  extends  over  the  entire  vort(^x  configuration.  The  second 
iiigredi(mt  which  determines  the  evolution  is  the  occurrence  of  vortex  reconnec¬ 
tions.  These  events  are  introduced  ad  hoc  in  our  numerical  simulations  based  on 
(2),  but  have  been  studied  using  the  Bose  -  Einstein  Condensate  model  of  super¬ 
fluidity  at  T  =  0.  The  microscopic  BEC  model  yields  the  nonlinear  Schroedinger 
equation 


=  +  (3) 

where  the  siiperfluid  density  and  velocity  are  given  respectively  by  the  amplitude 
and  the  gradient  of  the  phase  of  the  wave  function  ijj.  Finally,  the  third  ingredient 
which  determines  the  evolution  of  a  vortex  line  is  the  mutual  friction  force  which 
tlie  superfluid  vortex  lines  and  the  normal  fluid  exert  on  each  other  [6].  At 
finite  temperatures,  therefore,  the  friction  force  couples  the  normal  fluid  and  the 
superfluid  components. 


2  Turbulence  at  absolute  zero 

If  the  temperature  of  helium  II  is  reduced  below  1  K  there  is  so  little  normal 
fluid  left  that  helium  II  can  be  considered  a  pure  superfluid.  Vortex  tangles  in 
this  regime  were  studied  by  Norc,  Abid  and  Brachet  [7]  using  equation  (3).  The}- 
found,  surprisingly,  the  classical  5/3  Kolmogorov  energy  spectrum.  The  same 
spectrum  was  observed  experirnentall}'’  by  Maurer  and  Tabeling  [2]  at  T  =  1.4  AT, 
a  temperature  at  which  the  normal  fluid  fraction  is  only  about  7%. 

To  investigate  the  vortex  structures  which  develop  in  a  pure  superflow  (that 
is  to  say  in  the  absence  of  normal  fluid  and  friction)  we  study  the  evolution  of 
four  initial  vortex  rings  in  a  periodic  box.  The  same  initial  condition  (but  for 
viscous  vortex  rings)  was  studied  by  Kiya  and  Ishii  [8].  In  our  case  we  find  that 
the  initial  rings  become  distorted  by  the  Biot-Savart  interaction,  vortex  waves 
develop  and  reconnections  take  place  (see  Figures  la  and  b).  It  is  thought  that 
vortex  waves  and  (probably  more  important)  vortex  reconnections  are  the  major 
processes  which  generate  sound  and  dissipate  organized  kinetic  energy  at  abso¬ 
lute  zero  [9].  Work  is  in  progress  to  analyze  tlic  results  in  terms  of  curvature 
and  energy  spectra  (see  Figure  2a  and  b). 
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Figure  1:  Evolution  of  four  initial  vortex  rings. 


Figure  2:  Spectra  of  the  curvature  and  the  energy. 


3  Turbulence  at  finite  temperatures 

If  the  temperature  is  raised  above  1  K  then  the  normal  fluid  component  and 
the  friction  play  an  important  role.  Until  very  recently  the  full  implications  of 
the  friction  interaction  between  the  normal  fluid  and  the  superfluid  vortices  in 
the  context  of  turbulence  has  not  been  fully  appreciated.  In  particular,  very 
little  is  known  about  the  motion  of  the  normal  fluid  induced  by  the  presence 
of  superfluid  vortex  lines.  The  evidence  from  the  experiments  is  that  there  is 
a  strongly  coupled  regime.  For  example,  pressure  drops  in  pipes  and  channels 
at  high  Reynolds  numbers  obey  classical  rules;  moreover,  the  same  circulation 
was  observed  in  both  the  superfluid  and  normal  fluid  components  of  vortex  rings. 

To  investigate  the  effect  which  superfluid  vortex  lines  have  on  the  normal 
fluid,  and  viceversa,  we  have  developed  the  first  fully  3D  calculation  of  the 
coupled  motion  of  vortex  lines  and  normal  fluid.  Our  approach  combines  vortex 
dynamics  (equation  2)  with  a  Navier  Stokes  solver  for  the  normal  fluid,  modified 
by  the  introduction  of  mutual  friction  terms.  Because  of  the  importance  of  vortex 
rings  in  the  study  of  helium  II,  we  consider  what  happens  to  a  superfluid  vortex 
ring  set  in  the  normal  fluid  initially  at  rest.  We  find  that  the  interaction  creates 
vorticity  structures  in  the  normal  fluid  which  propagate  with  the  superfluid  ring 
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in  a  coherent  way,  see  Figure  3. 
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Figure  3:  Cross  section  of  normal  fluid  velocity  field  generated  by  a  superfluid 
vortex  ring  travelling  to  the  right. 
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1  Introduction 

Decay  of  nearly  homogeneous  and  isotropic  (HIT)  grid  generated  turbulence 
is  one  of  the  most  important  and  extensively  explored  problems  in  turbulence. 
Most  of  the  experimental  work  is  related  to  wind  tunnels,  where  the  turbulence 
is  studied  as  it  decays  downstream  (e.g.,  [1-3]).  Turbulence  without  a  mean  flow, 
generated  by  using  an  oscillating  grid  and  by  towing  a  grid  through  a  stationary 
sample  of  fluid  has  also  been  studied  [4,  5].  A  general  theory  describing  the  decay 
of  turbulence  based  on  first  principles  has  not  yet  been  developed.  However, 
experimental  data  containing  information  about  the  turbulent  energy  spectra 
provide  a  solid  foundation  for  a  phenomenological  approach  first  outlined  in 
[1,  6],  as  the  generally  accepted  forms  of  the  three-dimensional  turbulent  energy 
spectra  uniquely  determine  the  temporal  decay  of  turbulence.  We  generalize  this 
approach  taking  into  account  the  finite  size  of  the  turbulence  box,  intermittency 
and  viscosity  effects  and  discuss  the  final  period  of  decay.  In  particular,  we  show 
that  distinctly  different  decay  regimes  exist  due  to  the  physical  restriction  that 
eddies  larger  than  the  size  of  the  turbulent  box  cannot  exist[3,  4]. 

By  re- analyzing  some  old  data  from  various  authors,  we  provide  an  improved 
understanding  of  decaying  HIT,  a  subject  where  there  is  sometimes  little  agree¬ 
ment  even  after  several  decades  of  investigation.  We  include  our  recent  exper¬ 
imental  results  obtained  in  superfluid  helium,  also  referred  to  as  He  II,  where 
second  sound  attenuation  technique  provides  a  tool  to  directly  probe  several  or¬ 
ders  of  decaying  vorticity.  He  II  has  already  proven  to  be  a  very  useful  fluid  for 
these  complementary  studies,  although  care  must  be  taken  when  applying  the 
classical  turbulence  model  to  He  II  flows[7]. 


2  Spectral  Decay  Model 

We  developed  several  variants  of  a  model  describing  decaying  HIT  based  on  dif¬ 
ferent  forms  of  the  three-dimensional  energy  spectra.  For  HIT  it  is  generally 
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accepted  that  for  small  wavenumbers  E{k)  =  where  ^  is  a  dimensional 
constant.  For  larger  A:  we  adopt  an  inertial  range  with  refined  Kolmogorov  scal¬ 
ing,  E{k)  =  (kL)~^'  where  E  is  the  total  turbulent  energy  per  unit 

mass,  s  ~  —dE/dt  is  the  dissipation  rate,  L  is  the  integral  length  sc:a]e,  C  is  the 
dimensionless  throe  dimensional  Kolmogorov  constant  and  p.  is  the  intermittency 
exponent.  We  further  assume  that  for  HIT  the  integral  and  the  energy  contain¬ 
ing  length  scale  are  equivalent:  Cc  ^  L  .  Associated  with  the  energy  containing 
eddy  length  scale  is  the  wavenumber  k^  {t)  —  27r/A.  (A),  around  which  most  of 
the  turbulent  energy  resides.  A  novel  aspect  of  our  model  is  that  we  truncate 
the  spectrum  at  kc  =  27r/r/,  where  d  is  the  dimension  of  the  containing  vessel. 
As  an  example,  in  a  wind  tunnel  this  dimension  is  associated  with  the  width  of 
the  tunnel  and  eddies  larger  than  this  width  cannot  exist  in  the  turbulent  flow. 
We  take  into  account  viscous  dissipation  by  truncating  the  spectrum  at  an  ef¬ 
fective  Kolmogorov  length  scale  k,^  =  7  ,  where  ly  stands  for  kinematic 

viscosity  and  7  is  a  numerical  factor  of  order  unity.  The  total  turbulent  energy 
is  evaluated  by  integrating  the  3D  spectrum  over  all  wavenumbers.  Evaluating 
the  integral  leads  to  a  differential  equation  for  decaying  turbulent  energy,  as  the 
expression  for  energy  contains  e.  Applying  condition  valid  for  HIT,  e  =  one 
gets  differential  equation  for  decaying  vorticity  uj.  Although  the  general  case  is 
not  analytically  soluble,  under  some  approximations  on  the  3D  energy  spectrum 
one  obtains  analytical  solutions  that  predict  various  regimes  of  decay  and  shed 
light  on  decaying  HIT.  The  detailed  calculation  will  appear  elsewhere  [3]. 


3  Discussion 

We  have  applied  the  predictions  of  the  model  to  a  broad  variety  of  experimental 
data  including  our  own  recent  studies  on  decaying  superfluid  turbulence  [3].  Here 
the  available  space  only  allows  to  summarize  and  classify  our  findings  depending 
on  the  geometry  where  the  nearly  HIT  was  created  and  decays. 

We  first  consider  the  simplest  case  where  the  size  of  the  turbulence  box  can 
be  approximated  as  being  infinite  and  are  interested  only  in  the  part  of  the  decay 
at  sufficiently  high  Re,  say,  of  order  of  several  hundred.  The  energy  (vorticity) 
decay  at  times  sufficiently  longer  than  the  virtual  origin  time  can  be  described 
by  a  single  power  law  E  [6],  (ca  oc  while  the  energy  containing 

length  scale  grows  as  4  oc  .  The  value  of  the  virtual  origin  depends  on  the 
intermittency  coefficient  and  viscosity,  but  was  always  found  to  be  within  a  few 
mesh  lengths  of  the  grid [3].  As  Rex  decreases  during  the  decay,  the  influence  of 
the  finite  viscosity  of  the  fluid  gradually  starts  to  play  a  more  important  role. 
The  decay  siK3eds  up  and  can  not  be  expressed  by  a  simple  power  law  anymore. 
The  growth  of  4  becomes  faster.  The  Kolmogorov  microscale  grows  faster 
than  and  thus  the  inertial  range  of  the  energy  spectrum  shortens  as  HIT 
decays.  At  some  point  the  concept  of  the  Kolmogorov  microscale  does  not  hold 
any  more  and  a  diffusive  length  scale  is  used  to  characterize  the  final 
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period  of  decay  with  a  predicted  E  oc  in  agreement  with  [6].  We  have 

found  convincing  experimental  evidence  that  this  regime  was  indeed  observed 
in  the  wind  tunnel  experiments  [2].  However,  some  experimental  data  originally 
claimed  as  evidence  for  the  observation  of  the  final  period  of  decay,  e.g.,  [5],  are 
better  explained  by  the  saturation  of  ie  (see  below). 

If  the  turbulent  fluid  is  confined  in  a  box  of  the  characteristic  size,  d,  eddies 
larger  than  d  cannot  exist  and  the  energy  spectrum  is  naturally  truncated  at  the 
smallest  physically  significant  wavenumber  27r/dl .  Again  the  simplest  case  is  the 
part  of  the  decay  at  sufficiently  high  Re\ .  If  the  starting  value  of  <  <  d,  the 
decay  essentially  behaves  as  described  above.  However,  as  starts  to  approach 
the  size  of  the  box,  the  decay  is  affected  by  the  truncation  of  the  spectrum  at 
27r/d.  The  rate  of  vorticity  decay  gradually  decreases  where  just  before  satu¬ 
ration  it  follows  the  power  law  u  oc  This  power  law  originates  from  the 

broad  maximum  in  the  3d  energy  spectrum  in  the  vicinity  of  4-  As  it  grows  and 
approaches  27r/d  the  low  wave  number  part  of  the  spectrum  effectively  becomes 
E(k)  =  with  m  ^  0.  Power  law  cu  oc  is  clearly  experimentally  doc¬ 
umented  by  Figure  1  for  the  decay  of  He  II  vorticity  in  a  finite  channel.  Note 
the  absence  of  a  corresponding  simple  power  law  for  decaying  energy,  due  to 
the  additional  time- independent  term  in  the  differential  equation  for  decaying 
energy  that  disappears  when  differentiating  with  respect  to  time.  This  results 


Figure  1:  Vorticity  decay  data  multiplied  by  obtained  at  T— 1.75  K  and 
mesh  Re,  from  left  to  right,  2  •  10^  1.5  •  10^  10^  6  ■  lO'i,  4  ■  10^,  and  2  •  10^  where 
t  is  the  experimental  time.  Solid  lines  represent  vorticity  decay  power  laws. 
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in  the  above  simple  power  law  solution  for  decaying  vorticity. 

At  the  saturation  time,  a  distinctly  different  decay  regime  takes  over,  with 
a  predicted  universal  time  dependence  at  long  times,  assuming  the  influence  of 
the  finite  viscosity  is  still  negligible: 


,-3/2 


This  regime  is  clearly  documented  in  both  classical  and  He  II  experimental 
data  [4]  .  The  influence  of  the  finite  viscosity  after  saturation  is  similar  in  that 
the  decay  rate  gradually  speeds  up  [3],  see  Figure  1  . 

By  applying  our  model  to  a  number  of  different  sets  of  experimental  data 
obtained  for  nearly  HIT,  in  most  cases  we  have  found  agreement  between  the 
shape  of  the  energy  spectrum  and  the  observed  decay.  In  particular,  we  have  not 
found  any  decay  data,  that  would  contradict  the  validity  of  Saffman  invariant[6]. 
It  should  be  emphasized  that  our  study  includes  decay  of  He  H  turbulence.  We 
find  it  remarkable  that  it  is  so  well  described  by  this  entirely  classical  approach. 
Superfluid  turbulence  is  a  very  fascinating  field  that  deserves  the  attention  of 
the  turbulence  community  and  can  largely  contribute  to  our  understanding  of 
turbulence  in  general. 

The  authors  wish  to  thank  R.  J.  Donnelly,  G.  L.  Eyink,  J.J.  Niemela,  K.  R. 
Sreenivasan,  W.F.  Vinen  for  suggestions  and  discussions  at  various  stages  of  this 
work.  This  research  was  supported  by  NSF  under  grant  DMR-9529609. 
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1  Introduction 

The  variety  of  the  dynamic  phenomena  exhibited  by  superfluid  "^He  involves  the 
appearance  and  motion  of  quantized  vortices.  Due  to  the  existence  ot  these 
singularities  the  superfluid  component  is  coupled  dissipatively  with  the  normal 
component.  At  low  velocities  He  II  (superfluid  '‘He)  flows  in  the  frictionless, 
presumably  laminar  manner  consistent  with  the  ideal  fluid  description.  When 
the  counterflow  (the  relative  velocity  of  the  two  helium  components)  Vns  —  Vn-Vs 
becomes  sufficiently  large,  however,  the  superfluid  laminar  flow  develops  into 
superfiuid  turbulent  flow  in  which  the  quantum  vortices  form  a  chaotic  tangle. 

The  aim  this  work  is  to  model  the  homogeneous  quantum  turbulence  (vortex 
tangle)  and  derive  the  evolution  equation  for  vortex  line-length  density  L.  In  the 
proposed  approach  the  special  attention  is  paid  to  reconnections  of  vortex  lines. 
The  vortex  line  evolution  is  analyzed  in  the  localized  induction  approximation, 
supplemented  by  the  assumption  that  when  two  vortex  lines  cross,  they  undergo 
a  reconnection. 

Let  us  recall  that  if  the  curve  traced  out  by  a  vortex  filament  is  specified  in 
the  parametric  form  s(^,  i),  then  in  superfluid  reference  frame  the  instantaneous 
velocity  of  a  given  point  of  the  filament  is  given  by  the  equation  (in  scaled  units 
in  which  the  elementary  circulation  around  vortex  line  equals  to  unity) 

s  =  s'  X  s”  +  as"  +  as'  x  Vns  ,  (1) 

where  dot  and  prime  denote  instantaneous  derivatives  with  respect  to  the  scaled 
time  r  and  arc  length  respectively,  a  is  the  nondimensional  friction  coefficient 
and  Vns  I  be  counterflow. 

The  line-length  of  vortex  filament  I  =  which  motion  is  given  by  (1), 

satisfies  the  equation 

^  =  J  (avns  ■  (s'  X  s")  -  a\s"\'^^d^  .  (2) 
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L{^t  us  note,  that  just  after  the  reconnection,  close  to  the  reconnection  point, 
th(^  two  vortices  have  the  binormals  (s'  x  s")  opposite  to  each  other.  In  the 
result  the  first  term  in  Eq.  (2)  when  integrated  over  two  lines  resulting  from  re¬ 
connection  gives  no  contribution  to  total  line  length  change.  Because  the  second 
ic.rni  of  Eq.  (2)  is  always  negative  the  total  length  of  resulting  vortices  decreases 
in  tlic^  l)('ginning.  However,  during  the  further  evolution,  the  characteristic  cur- 
vatur(!s  (and  so  the  absolute  value  of  second  term)  get  smaller,  and  the  two 
vortices  turn  so  that  the  average  value  of  Vns  ■  (s'  x  s")  becomes  positive.  In 
tlie  r(^sult  th(^  total  length  of  vortices  starts  growing.  It  can  be  shown  that  after 
th(^  id(^ali'/c^d  reconnection  of  two  straight  vortex  lines  the  summary  line-length 
changes  AS  of  two  vortices  resulting  from  the  reconnection  can  be  approximated 
in  the  following  form  [1,2] 

AS(t)  =  -a  -f  b  ,  (3) 

wIku'c  n  >0,  /;  >  0  are  the  nondimcnsional  coefficients  depending  on  the  friction 
coefficicuit  o:  and  the  specific  reconnection  configuration  (which  ma}'^  be  described 
by  th(^  relative  angles  between  two  reconnecting  lines  and  the  counterfiow  ve¬ 
locity  Let  us  notice  that  the  coefficients  a,b  determine  the  characteristic 

nondimcnsional  time  r*  =  =  a/b  for  which  the  line-length  change  is  zero. 

2  The  model 

Eejuation  (3)  gives  one  a  hint  to  the  explanation  how  the  vortex  tangle  is  sus¬ 
tained:  for  the  st(xidy-sta.te  turlnilencc,  the  average  line-length  change  between 
]'econn(K:tions  have  to  be  zero.  If  for  a  given  value  of  the  counterflow  v-ns,  the 
li]ie  density  is  smaller  then  the  equilibrium  one,  the  reconnections  occur  less  fre¬ 
quently,  and  so,  the  characteristic  time  between  reconnections  is  longer;  hence 
according  to  Eq.  (3)  the  line-length  change  between  reconnections  becomes  posi¬ 
tive.  In  the  result  the  line  density  of  vortex  tangle  grows  up  until  the  equilibrium 
is  restored.  Inversel}^  when  the  line  density  is  too  large,  the  reconnections  are 
much  frequent,  so  the  decaying  term  in  Eq.  (3)  prevails  and  the  line  density  gets 
smalk'r. 

In  the  proposed  approach  the  dynamics  of  vortex  tangle  will  be  considered  as 
a.  sexpumee  of  reconnection  followed  be  a  ’’free”  evolution  of  vortex  lines  resulting 
from  ('ach  reconnection. 

Let  th('  instantenous  line-lengtli  density  be  L,  this  gives  one  the  characteristic 
spacing  between  lines  and  the  characteristic  (average)  line  curvature  <  |s"|  > 

/„  =  ,  <  |s''|  >=  l/la  =  .  (4) 

Let  US  divide  the  vortex  lines  into  segments  with  length  lo-  Because  the  length 
lo  is  eciual  to  tin'  spacing  between  lines  we  may  expect  that  each  segment  moves 
(more  or  less)  as  a  unity,  but  the  motions  of  the  neighboring  segments  are  not 
strongly  correlated.  Moreover,  because  the  length  of  segments  is  equal  to  the 
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characteristic  radius  of  curvature,  when  consider  collisions,  the  segments  can 
be  roughly  treated  as  straight  ones.  It  is  assumed  that  any  collision  of  vortex 
segments  leads  to  a  reconnection;  such  assumption  is  justified  by  numerical  sim¬ 
ulations  of  Schwarz  [3].  For  the  sake  of  simplicity  we  assume  that  all  segments 
move  with  the  same  speed  Vo  which  can  be  estimated  basing  on  (1): 


Vo  =<  |s|  >=  ^^(1  -f  q;'^)  -f  .  (5) 

Having  Vo  and  lo  (i.e.  the  number  of  segments  per  unit  volume  ii  =  Ljlo  = 
one  can  estimate  the  reconnection  frequency  (per  unit  volume)  /V) 


and  the  average  time  between  reconnections  of  line  segments 


(6) 


Tc  = 


1 

■ 


(7) 


The  estimation  of  /,-  needs  some  algebra  since  the  cross  section  for  collision  of 
two  given  segments  depends  on  their  direction  angles  and  the  direction  of  their 
relative  velocit)^  The  time  derivative  of  line-length  density  is  then 


—  =  /,  <  A5(r,)  >  ,  (8) 

dr 

where  <  AS{tc)  >  is  the  average  line-length  change  due  to  a  single  reconnection 
and  is  given  in  the  form  of  Eq.  (3)  with  coefficients  Uq  =<  a  >,  bp  =<  h 
which  must  be  calculated  in  numerical  simulations.  The  resulting  evolution 
equation  is 


dr 


,-1/2 


(9) 


with  Vo  given  by  Eq.  (5). 

The  obtained  evolution  equation  (9)  differs  from  the  classical  Vinen  equation 


^  =  -/3„n  +  _  (10) 

where  a,,  and  temperature  dependent  coefficients.  For  a  -C  1  Eq.  (9)  simpli¬ 
fies  to  the  so  called  alternative  Vinen  equation  in  which  the  second  ’’generation” 
term  is  proportional  to  rather  then  to  \vns\- 

To  determine  ao,bo  in  Eq.  (9)  one  should  average  AS  over  all  possible  re¬ 
connection  configurations.  Numerically  it  is  rather  impossible,  hence  to  do  the 
calculations  we  assume  that  every  line  in  the  moment  of  reconnection  has  to  be 
parallel  or  antiparallel  to  one  of  3  ’’main”  directions:  x,y,z  and  that  the  direc¬ 
tion  of  Vns  is  (1,1,0)  in  Cartesian  coordinates.  In  principle,  this  means  that 
there  are  12  possible  reconnection  configurations,  but  it  is  not  difficult  to  check 
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that  only  3  of  them  arc  essentially  different.  The  average  line-length  change 
AS'(r)  is  then  estimated  by  averaging  over  these  configurations.  In  the  result 
we  get  do  =  1.17,  bo  =  0.257. 

The  experimental  data  is  not  enough  precise  to  chose  between  Vinen,  alter¬ 
native  Vinen  equation,  or  the  Eq.  (9).  It  makes  sense  only  to  compare  with 
experimental  data  the  steady-state  value  of  L  following  from  (9)  i.e.  Loo 


In  a  broad  range  of  a  («  G  (0.01, 1))  the  value  of  Loc  predicted  by  (11)  generally 
agrees  with  experimental  data  and  Schwarz  [4]  numerical  simulations  of  steady- 
state  turbulence. 

E(iuation  (9)  may  be  confronted  with  data  from  Schwarz  and  R,osen[5].  The 
authors  analyzed  in  numerical  simulation  of  non-equilibrium  turbulence  the  large 
transi(mts  when  the  line-length  density  grows  from  small  to  large  values  and 
found  that  the  coefficients  in  Vinen  equation  are  not  constant.  Their  data  are 
considcnably  better  fitted  by  Eq.  (9)  then  by  the  classical  Vinen  equation. 

This  work  was  supported  by  KBN  grant  7T07A  018  17. 
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In  this  work  we  firstly  compute,  for  several  values  of  the  wave  number  a, 
the  branch  of  time-periodic  unstcible  solutions  that  bifurcate  from  the  laminar 
flow:  they  are  steady  in  moving  axes  because  of  the  translational  symmetry 
of  the  channel.  We  confirm  previous  results  with  regard  to  the  existence  of 
two  Hopf  bifurcations  for  several  values  of  a,  from  which  emanates  a  family  of 
quasi-periodic  solutions  such  that,  due  to  symmetry,  are  periodic  flows  when  the 
observer  is  moving  at  an  appropriate  speed  c.  We  follow  the  bifurcating  branches 
of  quasi-periodic  orbits,  searching  for  fixed  points  of  a  suitable  Poincare  map  of 
the  flow,  what  allows  us  to  find  stable  and  unstable  flows.  The  stability  can  be 
studied  through  the  spectrum  of  the  Poincare  map  linearization. 


Nonlinear  dynamics  in  a  rapidly  rotating  annulus 

D.  Pino,  I.  Mcrcader,  J.  Sanchez  and  M.  Net 

Departament  de  Fisica  Aplicada.  Universitat  Politeciiica  de  Catalunya.  Barcelona. 

Spain. 

One  of  the  main  subjects  in  geophysical  and  astrophysical  fluid  dynamics  is 
the  study  of  the  features  related  with  thermal  convection  at  very  high  Taylor 
numbers.  A  widespread  model  configuration,  less  expensive  than  fully  three- 
dimensional  calculations,  is  a  fast  rotating  cylindrical  annulus  with  radial  gravity 
and  heating,  and  the  top  and  bottom  boundaries  of  the  annulus  slightly  sloped. 
In  this  case,  if  the  rotation  rate  is  high  enough,  solutions  are  two  dimensional, 
independent  of  the  coordinate  parallel  to  the  rotation  axis. 

Fixing  (7  =  0.7,  we  have  studied  the  nonlinear  quasi-geostrophic  drifting 
solutions  (thermal  Rossby  waves),  their  linear  stability  by  using  a  Floquet  pa¬ 
rameter,  and  the  bifurcating  solutions,  that  appear  for  different  rotation  rates 
and  radius  ratios. 
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Reentrant  squares  in  Rayleigh-Benard  convection 

A.  Demircan  and  N.  Seehafer 

Institut  fiir  Physik,  Uiiiversitat  Potsdam 
PF  601553,  14415  Potsdam,  GERMANY 

Contact  e-mail:  demircan@agnld.uiii-potsdam.de 


Wo  mimorically  investigate  nonlinear  square  patterns  in  Bonssinesq  convection 
in  a  horizontal  fliiid  layer  with  stress-free  boundaries  at  a  Prandtl  number  of 
G.8.  The  patterns  appear  via  the  skewed  varicose  instability  of  rolls.  The  time- 
independent  nonlinear  state  is  generated  by  two  different  wave  numbers  and  their 
nonlinear  interaction.  As  the  bouyancy  forces  increase  the  interacting  modes  give 
rise  to  bifurcations  leading  to  a  periodic  alternation  between  a  noneqiiilateral 
hexagonal  pattern  and  the  square  pattern  or  to  different  kinds  of  standing  oscil¬ 
lations.  For  still  higher  Rayleigh  numbers  chaotic  solutions  are  found  to  coexist 
with  a  roll  pattern  with  traveling  waves  along  the  roll  axis. 


The  research  of  laminar-turbulent  transition  in 
hypersonic  three-dimensional  boundary  layer 

M.A.  Goldfeld 

Institute  of  Tlieoictical  and  Api)licd  Mecliaiiics,  SB  RAS 
4/1  Institutskaya,  Novosibirsk  630090,  Russia 

Contact  e-mail:gold@itam.nsc.ru 

R.esults  of  experimental  research  of  structure  and  laminar-turbulent  transi¬ 
tion  in  3D  flow  with  distributed  pressure  gradient  including  the  flow  with  local 
l)Oundary  layer  separation  are  presented.  The  de^^elopment  of  boundary  layer 
and  transition  were  researched  on  the  3D  model  with  lengthwise-transverse  cur¬ 
vature  and  on  the  2D  model  with  similar  lengthwise  curvature.  The  experiments 
were  conducted  at  the  Mach  numbers  from  4  to  6  and  unit  Reynolds  numbers 
from  10  to  60  million.  The  comparison  of  the  data  has  shown  that  in  3D  flow  the 
length  of  transition  area  is  approximately  two  times  less  than  in  2D  flow.  It  was 
ascertained  strong  influence  of  pressure  gradient  and  separation  on  structure, 
characteristics  of  boundary  layer  and  its  non-equilibrium  state  and  transition. 
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stability  of  a  helium  II  flow 

S.  P.  Godfre}^,  C.  F.  Barenghi  and  D.  C.  Samuels 

Dept,  of  Mathematics,  University  of  Newcastle  upon  Tyne,  Newcastle,  NEl  7RU,  UK 
Contact  e-mail:  s.p.godfrey@iicl.ac.iik 

The  determination  of  the  stability  of  any  helium  II  flow  is  complicated  by 
the  fact  that  we  must  consider  the  interaction  of  two  fluids:  the  normal  fluid 
component  and  the  superfluid  component.  We  consider  2-D  channel  flow  and 
concentrate  on  the  stability  of  the  normal  fluid  velocity  profile  under  a  mutual 
friction  forcing  from  the  superfluid.  The  addition  of  the  mutual  friction  force 
modifies  the  Orr-Sommerfeld  linear  stability  calculation.  We  find  that  the  ad¬ 
dition  of  the  mutual  friction  force  has  a  slight  stabilizing  effect  on  the  standard 
instability  of  the  channel  flow,  but  that  this  force  causes  an  entirely  new  instabil¬ 
ity  to  occur  at  very  low  wavenumbers.  By  raising  the  magnitude  of  the  forcing, 
the  new  instability  can  occur  at  arbitrarily  low  Reynolds  numbers. 


Interactions  of  Three-dimensional  Instabilities  in 
Plane  Mixing  Layers 

Jorcli  Estevadeorclal 

Innovative  Scientific  Solutions  Inc. 

276C  Indian  Ripple  Rd.,  Dayton,  OHIO,  45440,  USA 

Contact  c-mail:  jordi@innssi.com 

Detailed  measurements  of  the  roll-up,  first  and  second  vortex  pairing  of  a 
large  plane  mixing  layer  reveal  that  excitation  of  several  three-dimensional  (3D) 
instability  modes  occurs.  It  is  shown  that  the  two-dimensional  (2D)  rollers  first 
become  3D  as  they  approach  each  other  and  that  the  linear  growth  of  at  least 
two  instability  waves  involving  core  instabilities  leads  to  a  spanwise  periodic 
first  pairing.  The  second  pairing  is  characterized  by  instabilities  involving  non- 
axisymmetric  modes  which  amplify  into  snake,  spiral,  and  double-helical  forms. 
Refs.:  Physics  of  Fluids,  Vol.  11,  Issue  6,  June  1999,  pp  1688-1693);  Experiments 
in  Fluids,'  Vol.  27,  Issue  4,  1999,  pp  378-390. 
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Holographic  flow  visualization  for  study  of  3D 
vortex  and  flow  instabilities 

J.  Estovadeordal  \  S.  Gogineni  \  L.  Goss  ^  H.  Meng  ^  and 

M.  Roqnemorc 

innovative  Scientific  Solutions  Inc. 

27CG  Indian  Rii)ple  Rd.,  Dayton,  OHIO,  45440,  USA 
•^Mec.lianica.l  and  Aerospace  Eng.  Dpt. 

SUNY  at  Buffalo,  NY,  USA 
'^Air  Force  Research  laboratory 
Wright-Patterson  Air  Force  Base,  OHIO,  45433,  USA 

Contact  e-mail:  jordi@inn.ssi.com 

Holographic  Flow  Visualization  (HFV)  has  the  capability  of  three-diinensional 
(3D)  representation  of  si)a,tial  objects  and  particle  ensembles.  The  technique  pro¬ 
viders  a.  novel  means  of  studying  spatially  and  temi^orally  evolving  complex  flow 
structures  marked  by  scalars.  Experimental  results  in  several  fluid  flows  and 
flamers  demonstrate  the  effeertiveness  of  FIFV  using  different  types  of  seeding  in 
flows  uiielergoing  differrernt  instabilities:  1)  a  vortex  ring  generated  b.y  a.  falling 
elrerp  e)f  polymer  suspensie)n  in  water,  2)  cascade  of  a  bag-shapeel  drop  e>f  milk  in 
waterr,  aiiel  3)  interrnal  flow  structures  of  a  jet  elift'usion  flame.  R.ef.:  Physics  of 
Fluiels,  Vol.  9  ,  1997;  International  Jeniriial  of  Visualization  of  Japan,  1998. 
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Anisotropic  zero-modes  for  a  kinematic  MHD 

model 

A.  Lanotte^  and  A.  Mazzino^’^^ 

^  CNRS,  Observatoirc  dc  Nice,  BP  4229,  0C304  Nice  Cedex  4,  Fi-ance 
■  INFM  and  Dipartimento  di  Fisica,  Via  Dodecaneso  33,  16142  Genova,  Italy 
Niels  Bohr  Institute,  Blegdamsvej  17,  DK-2100  Copenhagen,  Denmark 

Contact  e-mail:  mazzino@fisica.iinige.it 


We  analyze,  through  non-perturbative  calculations,  the  effects  of  anisotropy 
on  anomalous  scaling  exponents  of  the  second-order  magnetic  field  correlations, 
within  a  kinematic  magneto-hydrodynamics  (MHD)  problem.  Here,  the  source 
of  anisotropy  for  the  magnetic  field  statistics  is  a  mean  field  .  As  the  advect- 
ing  velocity  field  that  we  consider  is  ^-correlated  in  time,  analytical  approach 
is  possible:  the  main  result  we  have  obtained  is  that  the  anomalous  scaling  ex¬ 
ponent,  Co,  associated  to  the  isotropic  contribution  is  dominant  with  respect  to 
the  anisotropic  ones,  (j.  In  addition,  the  entire  set  of  anisotropic  scaling  expo¬ 
nents,  (j,  is  given,  showing  the  existence  of  a  hierarchy  related  to  the  degree  of 
anisotropy  j,  such  that:  Co  <  C2  <  •  ‘ 

Helical  and  Chiral  Dynamo 

0.  Chkhetiani^,  E.  Golbraikh',  V.  Pungby  and  S.  Moiseev^ 

^Coiiter  for  MHD  Studies,  Ben-Gurion  University  of  the  Negev,  Bcer-Sheva,  Israel 
'Space  Research  Institute,  RAS,  Moscow,  Russia 

Contact  e-mail:  golbref@bgumail.bgu.ac.il  ;  moiscev@mx.iki.rssi.ru 

We  present  results  of  the  study  of  mechanisms  of  mean  helicity  H  and  chi¬ 
rality  appearance  and  generation  in  various  turbulent  flows  and  their  role  in 
the  dynamo  of  mean  vortical  and  magnetic  fields.  At  7^  0  the  medium  be¬ 
comes  unstable  with  respect  to  weak  external  large-scale  disturbances,  which 
leads  to  an  ’’inverse  energy  cascade”  over  the  spectrum.  The  presence  of  helic¬ 
ity  leads  to  a  decrease  in  turbulent  viscosit.y.  It  is  shown  that  either  rotation 
or  an  external  homogeneous  constant  magnetic  field  is  sufficient  for  mean  he¬ 
licity  generation  The  strongest  generation  is  observed  in  media  with  a  shear  of 
mean  velocity  in  an  external  homogeneous  magnetic  field.  On  the  other  hand, 
electromagnetic  fields  with  violated  mirror  symmetry  induce  chiral  properties 
of  plasma.  In  this  case  j  =  crE  -|-  cr^.rotT^.  At  the  motion  of  plasma  electrons 
in  stochastic  electromagnetic  fields,  the  growth  rate  for  mean  magnetic  field  is 
7P2  =  +  (7^'k?)l  (47r(a  +  -  oik})  . 
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Vortex  evolution  in  helical  turbulence  flow 

A.  Kapiista,  B.  Mikhailovich,  E.  Golbraikh 

Center  for  MHD  Studies,  Bcn-Gurioii  University  of  the  Negev,  Bcer-Slieva,  Israel 
Contact  e-mail:  borismic@bgnmail.bgn.ac.il 

The  increase  in  the  lifetime  of  vortical  structures  in  a  turbulent  MHD  flow 
in  a  wake  behind  a  bluff  body  (Karman’s  vortices)  is  observed  in  our  labora¬ 
tory  exi)erinicnts  in  an  external  homogenous  coaxial  magnetic  field.  \^uthin  the 
framework  of  semiempirical  ’’external  friction”  model  (A.  Kapusta  et  ah,  AIAA, 
182,1998)  the  system  of  equations  for  vortex  evolution  is  derived.  The  key  pa- 
ra.nieter  of  this  model  which  determines  flow  regimes,  is  equal  to  a  imit.y.  This 
corresi)ondenc('  to  a  strong  tuiTulence  with  nonzcao  mean  helicity  and  intense 
energy  transfer  (H.  Branover  ct  ah,  TuiTulence  and  Structures,  1999).  A  good 
agreement  of  the  proposed  mathematical  model  with  laboratory  experimental 
data  is  obtained. 


Characterization  of  the  intermittency  in  2-D 
magnetohydrodynamic  through  the  scaling 
properties  of  the  PDFs  of  the  turbulent 
fluctuations 

L.  Sorriso-Valvo  V.  Carbone  P,  Veltri  H.  Politano  ^  and 

A.  PonqueC 

'  Dipartimento  di  Fisica  and  Istitiito  Nazionale  per  la  Fisica  della  Materia, 
Universita  della  Calabria,  I-8703C  R.ende  (Cosenza),  ITAIA 
■^Laboratoire  G.  D.  Ca.ssini,  CNR.S  UMR  G529,  OCA  Observatoire  de  Nice 
B.  P.  4229,  06304  Nice  Cedex  04,  France 

Contact  e-mail:  sorrisoCDfis. niiical.it 

Intermittency  in  plasma  turbulencie  has  been  analj'^sed  through  the  probabil¬ 
ity  distribution  functions  (PDFs)  of  the  fields  fluctuations.  The  PDFs  show  a 
peculiar  behavior,  that  is  their  shape  depend  on  the  scale  at  whicli  we  calculate 
the  fluctuations,  so  that  they  are  gaussians  at  large  scales,  but  the  tails  become 
higher  as  the  scale  decreases,  showing  a  strong  non-gaussian  behavior.  We  used 
a  simple  model  due  to  Castaing  et  ah  (1990),  introducing  a  single  parameter 
to  characterize  the  intermittency,  to  fit  the  PDFs  of  the  magnetic  field  inten¬ 
sity,  bulk  speed  and  Elsasscr  fields  fluctuations,  obtained  from  high  resolution 
2-D  magnctohydrodynamic  numerical  simulations.  We  found  the  typical  scaling 
behavior  of  intermittent  systems. 
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Response  of  the  solar  wind  to  incoming  thermal 
or  magnetic  perturbations 

R.  Grappin,  J.  Leorat  and  A.  Buttighoffer 

Observatoire  cle  Paris- Meiidon,  92195  Meiicloii,  France 
Contact  e-mail:  grappin@obspm.fr 

The  solar  wind  is  a  flow  with  open  boundaries,  represented  here  by  numerical 
solutions  of  the  axisymmetric  MHD  equations,  integrated  in  the  meridian  of  a 
spherical  shell.  The  boundary  conditions  are  imposed  via  characteristics.  We 
consider  the  problem  of  the  instability  of  cold  streams  in  the  accelerating  region, 
in  the  absence  of  magnetic  field:  the  distance  of  turbulent  mixing  is  shown  to 
depend  on  the  mean  temperature,  i.e.,  on  the  location  of  the  sonic  point.  We 
also  consider  the  propagation  of  Alfven  waves  in  presence  of  cold  channels  and  a 
current  sheet:  the  waves  retain  properties  close  to  obser  ved  within  the  channels, 
suggesting  that  channels  are  a.  main  constituent  of  the  wind.  Finally,  waves  are 
strongly  dissipated  by  phase  mixing  in  the  vicinity  of  the  current  sheet. 
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Modification  of  a  two-dimensional  vortex  street 
by  a  polymer  additive 

W.I.  Goldburg*,  J.R.  Cressman  and  Q.  Bailc}^ 

Department  of  Pliysies  and  Astr.,  Uiiiv.  of  Pittslnirgli,  Pittsl)urgli,  PA  15260,  USA 
■"Contact  e-mail:  goldbnrg+@pitt.edii 

Wo  have  studied  the  shedding  of  vortices  produced  by  a  rod  several  mm 
in  diameter  that  penetrates  a  vertically  flowing  soap  film.  A  high  molecular 
weight  polymer  was  then  added  to  the  soap  solution.  Measurements  were  made 
of  (j(U),  the  rms  fluctuation  of  the  horizontal  velocity  component  as  a  function 
of  the  distance'  1'  below  tlie  roel.  The  polymer  strongly  broadens  the  power 
sinv:truni  of  tlie  velocity  fluctuations  and  reduces  the  energy  injected  into  the 
vortex  street  created  by  tlie  rod.  It  will  be  argued  that  this  result  is  due  to  the 
elongation  of  the  boundary  layer  by  the  polymer.  The  polymer  has  the  effect  of 
broadening  the  power  spectrum  S{f)  of  the  transverse  velocity  variations  and 
enhancing  the  elongational  viscosity  of  the  film. 


Controlling  a  Separating  Flow  using 
Piezoelectric- Actuators 

Y.  Yokokawa  Y.  Fukunishi  ^  and  S.  Kikuchi 

^  Graduate  school  of  Tohoku  University 
Aramaki-Aoba  01,  Aoba-ku,  Sendai  980-8579,  Japan 
■^Department  of  Mechanical  Engineering,  Tohoku  University 
Aramaki-Aoba  01,  Aoba-ku,  Sendai  980-8579,  Japan 
'institute  of  Fluid  Science,  Tohoku  University 
2-1-1  Katahira,  Sendai  980-8577,  Japan 

Contact  e-mail;  fushi@fluid.mech.tohoku.ac.jp 

An  attempt  to  control  the  spanwise  phase  of  the  velocity  fluctuation  in  the 
flow  over  a  cavity  is  carried  out.  The  long-term  objective  of  this  research  is  to 
suppress  the  aerodynamic  noise  generated  from  a  separating  flow.  In  order  to 
achieve  an  active  flow  control,  two  types  of  piezoelectric-devices  are  tested.  The 
first  type  is  the  uni-morph  type  actuator.  It  expands  or  shrinks  parallel  to  the 
surface.  The  other  is  the  bi-morph  type  actuator,  which  moves  its  ends  vertical 
to  its  plane.  Experimental  results  show  that  the  flow  field  with  a  wavy  structure, 
180  degree  out  of  phase  in  the  spanwise  direction,  can  be  generated  using  either 
type  of  the  actuators.  As  a  result  of  controlling  the  flow,  the  suppression  of  the 
aerodynamic  noise  was  also  ac:hieved. 
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The  numerical  solution  of  the  equation  for 
one-point  probability  density  function  of  a  scalar 
in  homogeneous  turbulence 

A.D.  Chorny,  V.A.  Sosinovich 

Academic  Scientific  Complex  "A.V.  Liiikov  Heat  and  Mass  Transfer  Institute" 
National  Academy  of  Sciences,  Minsk,  Belarus 

Contact  e-mail:  vl-bond@nsl.hmti.ac.by 


In  paper  the  closed  system  of  the  equations  for  one-point  probability  den¬ 
sity  function  of  the  uniformly  distributed  scalar  in  a  turbulent  flow  is  resulted. 
The  task  is  ill-posed  owing  to  the  negative  member  describing  transfer  in  phase 
space  of  scalar  fluctuations.  It  causes  instability  of  known  numerical  procedures 
at  finding  of  the  decision  of  the  equation  for  one-point  probability  density  func¬ 
tion.  In  paper  the  method  of  building  steady  difference  schemes  for  ill-posed 
evolutionary  tasks  from  positions  of  the  regularisation  principle  for  difference 
schemes  and  their  asymptotic  stability  is  used. 

New  development  of  the  LMSE  mixing  model 
with  accounting  for  intermittency 

M.Gorokhovski  ^  and  V-Sabeknikov  ^ 

^CORIA  UMR  6614  CNRS  University  of  Rouen,  France 
^UPR  9028  CNRS,  Poitiers,  France; 

Central  Aerodynamic  Institute,  Zhukovsky-3,  Russia 

Contact  e-mail:  Gorokhovski@coria.fr 

The  objective  is  to  derive  and  verify  a  new  mixing  model  that  accounts  for  the 
interaction  between  scalar  mixing  and  time  scales  of  turbulent  eddies.  This  new 
model  is  a  further  development  of  the  classical  LMSE  mixing  model.  The  basic 
idea  behind  it  is  to  represent  the  scalar  mixing  as  a  linear  stochastic  relaxation 
to  the  conditionally  mean  concentration  at  the  given  value  of  mixing  frequency. 
The  effect  of  intermittency  appear  in  the  model  through  the  Obukhov’s  log- 
normality  hypothesis.  The  equation  for  conditional  PDF  of  concentration  at  the 
given  mixing  frequency  is  derived  and  numerically  solved.  The  behavior  of  non- 
conditional  PDF  of  concentration  and  of  scalar  variance  was  shown  with  variation 
of  the  Reynolds  number,  the  turbulent  integral  time  scale  and  the  mean  mixing 
time  scale.  Further,  a  modified  PDF-equation  was  proposed  where  injection  of 
unmixed  concentrations  is  taken  into  account  and  the  plug-flow  reactor  mixing 
was  analyzed. 
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Iso-scalar  surfaces  in  a  Direct  Numerical 
Simulation  of  isotropic  turbulence  with  scalar 

injection 

M.  Elmo  J.  P.  Bcrtoglio  '  and  V.  A.  Sabel’nikov  ^ 
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Contact  c-mail:  clmoCdmccaflu.ec-lyoii.fr 

Tlio  geometry  of  iso-scalar  surfaces  is  an  important  parameter  for  the  de¬ 
scription  of  turbulent  reacting  flows.  In  a  D.N.S.  of  isotropic  turbulence,  in 
which  scalar  fluctuations  are  injected  periodically  in  time  using  the  technique 
proposed  in  Elmo,  Bertoglio  and  Saberiiikov  -TSFP,  Santa  Barbara  1999-,  the 
area  density  .4(r)  is  evaluated  using:  *4(r)  =<  |Vc|/c  =  F  >  P(F)  in  which 
<  .|c  =  r  >  denotes  a  conditional  average  and  P{r)  is  the  p.d.f.  of  c. 

The  ratio  of  the  area  densities  A(r  ==  0)  observed  at  two  scales,  h  and  /•>,  when 
plotted  as  a  function  of  shows  a  similarity  behaviour  over  half  a  decade.  The 
same  behavior  is  observed  in  a  higher  Reynolds  number  L.E.S.,  the  similarity 
region  being  then  observed  over  more  than  one  decade.  In  both  cases  the  simi¬ 
larity  dimension  is  found  to  be  2.C  in  reasonable  agreement  with  the  theoretical 
prediction  |. 


Mean-field  theory  of  a  passive  scalar  advected  by 
a  random  velocity  field  with  finite  renewal  time 

T.  Elpcrin  \  N.  Kleeoriii  I.  Rogachevskii  ^  and  D.  Sokoloff  ^ 

^Dcpartiuont  of  Mechanical  Eiiginccriiig,  Ben-Gurion 
University  of  the  Nesgev,  Becr-Sheva  84105,  P.  O.  Box  653,  Israel 
^Department  of  Physics,  Moscow  State  University,  117234  Moscow,  Russia 

W(!  derived  a  niean-fi(4d  equation  for  numl)er  density  of  particles  advected 
by  a  random  velocity  field  with  a  finite  correlation  time  and  showed  that  this 
equation  is  integro-differential  equation.  The  finite  correlation  time  of  random 
velocity  field  results  in  the  appearance  of  the  high-order  spatial  derivatives  in 
the  equation  for  a  number  density  of  particles.  The  finite  correlation  time  and 
compressibility  of  the  velocity  field  can  cause  a  depletion  of  turbulent  diffusion 
and  a  modification  of  an  effective  mean  drift  velocity.  The  effective  mean  drift 
velocity  is  caused  b,y  a  compressibility  of  particles  velocity  field  and  results  in 
formation  of  large-scale  inhomogeneities  in  spatial  distribution  of  particles. 
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Effects  of  compressibility  and  finite  renewal  time 
of  a  random  velocity  field  to  intermittency  of 
passive  scalar  fluctuations 

T.  Elperin  \  N.  Kleeorin^  L  Rogachevskii^  and  D.  SokolofF 

^Department  of  Mechanical  Engineering,  Ben-Gurion 
University  of  the  Negev,  Beer-Sheva  84105,  P.  O.  Box  653, Israel 
^Department  of  Physics,  Moscow  State  University,  117234  Moscow,  Russia 

We  showed  that  very  small  compressibility  (~  1/Re)  of  a  random  velocity 
field  causes  an  anomalous  scalings  of  passive  scalar  fluctuations  in  the  inertial 
range  of  a  random  velocity  field.  In  a  random  velocity  field  with  finite  correla¬ 
tion  time  turbulent  diffusion  is  determined  by  the  field  of  Lagrangian  trajectories 
which  is  compressible  even  if  the  velocity  field  is  incompressible.  We  showed  that 
the  finite  correlation  time  of  a  random  compressible  velocity  field  causes  an  exci¬ 
tation  of  the  small-scale  instability  of  fluctuations  of  number  density  of  particles 
and  formation  of  small-scale  inhomogeneties  of  a  passive  scalar  distribution.  This 
implies  that  the  second  and  higher  moments  of  a  passive  scalar  can  grow  in  time 
exponentially. 


Two-particle  dispersion  in  Kinematic  Simulations 

J. Davila  \  E.  Bravo-Leon  and  J.C.  Vassilicos  ^ 

^Grupo  de  Mecaiiica  de  Fluidos,  University  of  Seville 
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We  have  calculated  the  mean  square  distance  between  two  fluid  or  inertial 
particles,  in  an  isotropic  and  homogeneous  turbulent-like  flow  generated 

by  using  Kinematic  Simulations.  This  study  is  based  on  the  “locality  assump¬ 
tion”.  Hence  {A'^)(t)  =  where  e  is  the  dissipation  of  energy  and  Ga  the 

Richardson’s  constant.  We  have  studied  the  dependence  of  Ga  on  the  ratio  of 
the  outer  scale,  L,  to  the  inner  scale,  77,  and  on  the  dimensionless  parameters 
that  determine  the  characteristics  of  the  particles,  i.e.,  the  settling  velocity  of 
the  particles  in  still  fluid,  Vt,  and  the  characteristic  viscous  response  time  of  the 
particles,  Tp.  We  have  related  this  result  with  the  power-law  of  the  number  of 
stagnation  points  per  unit  volume  =  Cs{L/r])‘^,  where  Cs  is  a  function  of  Vt. 
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Measurement  of  Passive  Scalar  Statistics  through 
Use  of  Compensated  Cold  Wires 
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The  statistics  of  temperature  fluctuations  0  arc  studied  in  terms  of  the  va¬ 
lidity  of  the  different  limitations  or  assumptions  involved  in  their  measurement 
process.  The  effect  of  the  limited  frequency  response  of  a  cold- wire  probe,  rel¬ 
ative  to  the  Kolmogorov  frequency,  and  the  use  of  Taylor’s  hypothesis  are  the 
main  points  under  investigation  in  a  turbulent  round  jet  (R>,  c::;  170).  Paiticulai 
attention  is  paid  to  the  effect  of  the  amplitude  and  phase  corrections  applied 
to  the  cold-wire  signals.  The  statistics  being  analysed  are:  i)  the  average 
dissipation  rate  of  6^  ii)  p.d.f.  and  moments  of  61;  Hi)  the  moments  of  the 
temperature  derivatives  {dO/dxjy^  and  the  j. p.d.f.  between  9  and  eg;  and  iv)  the 
structure  functions  (A^(.t:))“  and  (A^(7'))”  (with  n  =  2,  3  and  4). 


Statistics  of  a  high  Schmidt  number  passive 
scalar  in  the  far-wake 

H.  Rehab,  R.  A.  Antonia  and  L.  Djenidi 

Department  of  Mechanical  Engineering 
University  of  Newcastle,  N.S.W,  2308,  AUSTR.ALIA 

Temporal  statistics  of  the  concentration  fluctuation  c  of  a  high  Schmidt  num¬ 
ber  passive  scalar  {^Sc  ss  2000)  are  measured  in  the  far-wake  of  a  circular  cylinder 
using  a  single  poirrt  laser  induced  fluorescence  technique.  The  statistics  of  c  are 
compared  with  those  of  9^  the  temperature  fluctuation  (Sc  ~  0.7),  at  the  same 
x/d  and  J?.c.  The  centreline  pdf  of  c  deviates  from  Gaussianity;  this  becomes  less 
pronounced  as  Re  increases  while  the  pdf  of  9  has  reached  a  homogeneous  state 
underliniirg  the  importance  of  molecular  diffusion.  The  pdfs  of  the  increments 
of  c  at  small  separations  indicate  the  uniformity  of  the  scalar  as  Re  increases. 
The  spectra  of  c  shift  systematically  towards  high  wavenumbers  as  Sc  increases 
but  the  (l){ki)  ~  prediction,  for  Sc  >  1,  of  Batchelor  (1959)  is  irot  observed. 
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Mixing  and  coherent  structures  in  jets  in 

crossflow 

A.  Rivero^  J.A.  Ferre^,  F.  Giralt^ 

^Department  of  Mechanical  Engineering,  University  Rovira  i  Virgili. 
^Department  of  Chemical  Engineering,  University  Rovira  i  Virgili 


Several  studies  (numerical  simulations  and  experiments  in  a  wind  tunnel  and 
in  a  water  tunnel)  have  been  performed  in  a  jet  in  crossflow  at  Re=6600  and 
2700.  The  results  obtained  by  means  of  the  pattern  recognition  analysis  of  X-wire 
data  display  the  prototypical  threedimensional  vorticity  field  of  the  turbulent  jet. 
PLIF  visualizations  with  several  lobulated  nozzles  (4  and  8  lobes)  demonstrate 
that  mixing  is  enhanced  significantly  (40%)  only  in  one  of  the  five  configurations 
tested.  Another  aspect  that  has  been  investigated  is  the  influence  of  the  nature 
(laminar/turbulent)  of  boundary  layer  that  interects  with  the  jet.  Finally  the 
numerical  simulation  shows  the  influence  of  cross-flow  over  the  vorticity  formed 
in  the  nozzle  of  the  jet  and  its  deflection. 


A  Comparative  Study  of  Heat  and  Mass  Transfer 
by  Impinging  Jets  on  Flat  and  Curved  Surfaces 

H.  Stapountzis^  D.  Tsipas^,and  A.  Stamatellos^ 

^  Mechanical  Engineering  Dept., 

Univ.of  Thessaloniki,  Greece  540  06 
^Mechanical  and  Industrial  Engineering  Dept., 

Univ.  of  Thessaly,  Greece  383  34 

Contact  e-mail:  erikos@eng.auth.gr 

An  experimental  study  was  undertaken  in  order  to  investigate  the  effect  of 
solid  surface  curvature  and  flow  geometry  on  the  heat  transfer  and  mass  transfer 
(water  paint  material  dissolution  and  surface  erosion  by  solid  particles)  which 
was  induced  by  turbulent  impinging  jets.  Transport  coefficients  (for  heat  and 
mass)  were  optimimum,  if  the  jet  nozzle  -  surface  separation  distance  was  about 
half  the  length  of  the  potential  core  of  the  jet  in  unconfined  conditions.  The 
max.  in  the  Nu  number  occured  off  the  stagnation  point.  The  optimum  angles 
of  incidence  for  max.  Nu  were  between  90  deg.  (normal  impingement)  and  75 
deg.  while  for  dissolution  mass  transfer  between  35  and  60  deg.  Surfaces  of 
ductile  material  were  eroded  at  different  impingement  angles  than  surfaces  of 
brittle  material.  Curved  surfaces  exhibited  better  transport  coefficients  in  the 
immediate  region  of  the  stagnation  point  than  flat  surfaces. 
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Characterization  of  trailing  vortex  structures  in 

stirred  tanks 
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^  DuPont  Central  Research  and  Development 
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Turbulent  flow  in  stirred  tanks  is  used  in  industry  to  bring  initially  separated 
species  into  intimate  contact.  From  a  modeling  point  of  view,  the  turbulence 
characteristics  of  the  flow  arc  difficult  to  assess  because  of  its  intrinsically  tran¬ 
sient  and  3-D  nature.  In  the  present  work,  direct  and  large-eddy  simulations  on 
turbulent  stirred  tank  flow  have  been  performed,  thereby  focusing  on  the  vor¬ 
tex  system  generated  by  the  revolving  impeller.  A  high  level  of  detail  could  be 
reached  in  the  simulations  by  making  use  of  a  latticc-Boltzmann  scheme.  The 
simulations  accurately  predicted  the  way  tlie  vortices  are  formed  as  well  as  the 
way  they  are  swept  into  the  tank.  Associated  with  the  vortex  cores  are  regions  of 
concentrated  turbulent  activity.  It  will  be  demonstrated  that  by  slightly  adapt¬ 
ing  th(^  impeller  geometry  the  vortex  structure  can  be  strongly  influenced,  which 
might  have  implications  for  process  design. 
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Experimental  assessment  of  stress-strain  relation 

for  coaxial  jets 

F.  Schmitt,  Ch,  Hirsch  and  B.  K.  Hazarika 

Department  of  Fluid  Mechanics,  Vrije  Universiteit  Brussel 
Pleinlaan  2,  B-1050  Brussels 

Contact  e-mail:  francois@stro.vub.ac.be 

We  performed  2D  LDA  measurements  of  the  coaxial  jets  generated  by  a 
double  annular  burner,  with  an  axisymmetry  better  than  2%.  The  measurements 
have  been  taken  on  a  very  fine  grid  (5,500  grid  points)  in  order  to  be  able  to 
numerically  compute  the  gradients  of  the  mean  velocity  field.  This  provides  an 
experimental  determination  of  the  strain  tensor  S,  and  since  the  stress  tensor 
T  is  also  given  by  the  measurements,  Boussinesq’s  hypothesis,  which  is  at  the 
basis  of  classical  k-e  modeling,  can  be  experimentally  tested.  We  show  that  this 
hypothesis,  corresponding  to  a  linear  relation  between  T  and  5,  is  invalid,  and  we 
experimentally  check  a  nonlinear  generalisation  involving  the  tensors  SW  -WS 
and  where  W  is  the  vorticity  tensor.  We  also  compute  inrariants  of  the  flow. 


Effect  of  an  accelerating  co-flow  on  a  turbulent  jet 

A.  Califano',  A.K.  Prasad^  and  J.  WesterweeP 

^University  of  Rome  ‘La  Sapienza,’  Italy 
^University  of  Delaware,  U.S.A. 

^Delft  University  of  technology,  The  Netherlands 

Contact  e-mail:  J.Westerweel@wbmt.tudelft.nl 

A  turbulent  jet  entrains  ambient  fluid  at  a  rate  given  by  Ue  =  allc  where  Ue  is 
the  entrainment  velocity,  Uc  the  local  centerline  velocity  and  a  the  entrainment 
coefficient.  For  axisymmetric  jets,  the  value  of  a  is  given  as  0.05.  Sreenivas 
&  Prasad  proposed  a  model  [1]  which  predicts  the  variation  of  a  when  a  jet 
is  subjected  to  (i)  off-source  volumetric  heating,  and  (ii)  an  accelerating  co¬ 
flow.  Entrainment  predictions  by  this  model  for  case  (i)  have  been  verified  by 
experiment  [2].  PIY  measurements  were  taken  for  a  jet  in  an  accelerating  co-flow 
to  verify  the  model  for  case  (ii).  A  water  jet  issues  from  a  1  mm  nozzle  at  Re~10^ 
into  a  quiescent  chamber.  After  the  jet  flow  is  established,  the  water  in  the 
chamber  is  accelerated  by  a  pump.  Results  include  the  variation  of  entrainment 
as  a  function  of  acceleration  and  the  effect  of  acceleration  on  the  vortex  dynamics 
of  the  coherent  structures  at  the  jet  boundary. 
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A  Comparative  Experimental  Investigation  of  a 
Turbulent  Axisymmetric  Zero-Net-Mass  Flux  Jet 
and  a  Continuous  Jet 

J.  Cater  and  J.  Soria 

Monasli  University,  Melbourne,  Australia 

A  c:oni])arativo  study  betwoon  au  axisymmetric  zcro-nct-mass  flux  (ZNMF) 
jets  and  tlic^  equivalent  continuous  jets  is  presented.  Cross-correlation  digital 
particle  image  velocimetry  was  employed  to  measure  the  instantaneous  velocity 
fi(dd  ill  the  far-held  of  the  jet.  The  Reynolds  number  for  both  jets  ranged  between 
3120  <  B.eu^  <  9380  and  the  Strouhal  number  for  the  ZNMF  jets  was  Stu^  = 
0.0032.  The  growth  rate  is  linear  at  a  distance  greater  than  130  x/Dq  for  both 
cases  and  the  growth  rate  of  the  ZNMF  jet  is  ajirroximately  1.8  times  larger.  In 
tins  region  the  ZNMF  jet  has  a  mean  centerline  velocity  that  is  approximately 
1/3  that  of  the  equivalent  continuous  jet.  The  results  indicate  that  the  structure 
and  dynamics  of  these  jets  are  different  and  depend  strongly  on  the  initial  jet 
formation. 


Development  of  large-scale  structures  in  confined 

jet  shear  layer 

S.  Alekseenko,  A.  Bilsky,  D.  Markovich  and  V.  Vasechkin 

Instit  ute  of  Ther]no])liysirs,  Siberian  Brandi  of  R  AS  Lavrentyev  Ave.,  1,  Novosiliirsk, 

630090,  Russia 

Contact  e-inail:  dniarkCdtp. nsc.ru 

This  work  is  di'voted  to  the  study  of  instabilities  evolution  during  submerged 
round  jet  inqiingement  under  the  action  of  low-amplitude  periodical  forcing.  The 
main  results  arc^  obtained  with  the  aid  of  electrodiffusion  method  for  measuring 
velocity  and  wall  shear  stress  and  also  by  the  DANTEC  Particle  Image  Velocime- 
ter.  The  In’liaviour  of  fundamental  and  subharmonics  was  tested  including  phase 
velocity  of  the'  sti  uctiires  and  radial  symnuitry  loss.  The  technique  of  conditional 
sanijiling  (jdiasc'  a,v(5i  agi]ig)  allowed  us  to  measure'  the  instantaneous  pattern  of 
the  flow,  aver  aging  only  by  broa.d-band  turbulence.  Tlu'  contribution  of  coherent 
and  broad  band  components  of  pulsations  into  the  turbulent  kinetic  energy  was 
also  obtained.  The  local  back  flows  in  the  near- wall  region  were  observed.  Two 
r(!gions  with  local  flow  separations  have  been  found  -  stagnation  point  region  and 
zone  wh(u-e  propagating  large-scale  structure  initiates  the  local  positive  pressure 
gradients. 
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Experimental  investigation  of  wall  effects  on  the 
initial  region  of  turbulent  round  jets 

A.  Benaissa  ^  B.  A.  Fleck  \  A.  Pollard  ^  and  J.F,  Morrison® 
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The  effect  of  wall  proximity  on  the  development  of  an  axisymmetric  air  jet 
is  studied  experimentally.  The  effect  of  wall  presence  on  large  coherent  struc¬ 
tures  is  dominant  since  it  modifies  their  shape  and  conditions  their  evolution. 
Flow  visualization,  velocity  and  wall  pressure  measurements,  space- time  corre¬ 
lation  and  spectra  of  wall  pressure  indicate  a  discrete  frequency  for  the  primary 
instability  and  roll-up  of  the  mixing  layers.  The  pressure  velocity  correlations 
reveal  and  localize  the  horseshoe  vortices  and  show  clearly  their  inclination  and 
evolution  in  the  direction  of  the  main  flow.  This  work  supports  the  idea  that 
the  primary  vortex,  upon  interacting  with  a  wall,  produces  a  horseshoe-type 
structure  persisting  to  x/D  =  5  for  a  jet  height  of  H/D=l 

Evaluating  the  accuracy  of  the  LSE-POD 
technique  in  an  axisymmetric  shear  layer. 

D.  Ewing'  and  S.  WoodwaixF 

^Department  of  Mechanical  Engineering,  McMaster  University 
Hamilton,  Ontario,  CANADA 
'^Department  of  Mechanical  and  Aerospace  Engineering, 

University  of  Buffalo  Amherst,  New  York,  USA. 
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Investigating  the  dynamics  of  the  large  structures  in  turbulent  flows  exper¬ 
imentally  is  challenging  because  it  requires  the  simultaneous  sampling  of  the 
velocity  over  the  entire  region  of  interest.  R.ecently,  Bonnet  et  al.  {Expts.  in 
Fluids,  17:  307  314,  1994)  proposed  a  simplified  technique  where  the  velocity 
was  measured  at  a  few  points  in  a  region  and  estimated  at  the  remaining  points. 
They  showed  this  technique  could  be  used  with  the  POD  to  accurately  recover 
the  dynamics  of  the  structures  in  some  flows.  However,  this  could  only  be  shown 
by  measuring  the  full  field  and  comparing  the  results.  Analytical  expressions  to 
evaluate  the  accuracy  of  the  LSE-POD  technique  a  priori  are  outlined  here  and 
their  use  is  demonstrated  for  the  axisymmetric  shear  layer. 
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A  study  of  turbulent  transport  processes  in  the 
near  wake  of  cylinder  under  controlled  inflow 

oscillation 
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The  iK^ar  wake  of  eireular  cylinder  has  Ijeen  studied  in  order  to  provide  exper¬ 
imental  informations  on  the  turbulent  energy  transfer  processes  in  flow  consid¬ 
ered.  The  lock-on  ]:)henomenon  resulting  from  th('  inflow  periodical  ptu  turhations 
has  also  b('(ai  discussc'd  as  j)ot('ntial  way  of  active'  wake;  control. 

Th(^  instantaneous  velocity-time  series  measured  by  means  of  multichannel 
DISA  55MCTA  Systcan  made  it  possible  to  obtain  statistics  of  streamwise  and 
lateral  velocity  components  in  the  near  wake  region.  Phase  averaging  tedinique, 
proj^er  for  the  flows  containing  the  periodical  velocity  component  was  applied. 

The  present  exi)erimental  set-up  offered  the  possibility  to  evaluate  all  terms  of 
turbulent  kinetic  energy  budget  except  the  diffusion  treated  as  a  closing  quantity. 

A  numerical  investigation  of  momentumless 
turbulent  wake  dynamics  in  a  linearly  stratified 

medium 

G.  G.  Chornykh  ^  B.  B.  Ilyushin  A  O.  F.  Voropayeva  ^ 
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To  describe  tin;  flow  in  a  far  turbulent  wake  of  self-propelled  body  of  revo¬ 
lution  in  a  linearly  stratified  medium  the  paraboli/xxl  three-dimensional  system 
of  th{^  a.veragcxl  (Kpiations  for  the;  motion,  continuity  and  incompessibility  in  the 
Oberbeck-Boussines(i  api)roach  is  used.  This  systc'in  of  equations  is  nonclosed. 
In  the  present  work  we  considei’  the  hierarchy  of  closed  mathematical  models  of 
second  order.  A  comparison  with  the  experimental  data  of  Lin  and  Pao  (1979) 
has  been  carried  out.  One  siicced  in  obtaining  a  satisfactory  description  of  the 
anisotroi)ic  decay  of  wake  characteristics  only  by  using  the  modified  algebraic 
relationships  for  detca  inination  of  triple  velocity  field  correlations.  This  model 
takes  into  account  the  anisotroi)ic  dami)ing  effect  by  a  stable  stratification.  The 
work  has  been  supported  by  INTAS  (Grant  No.  97-2022). 


961 


Boundary  Layers  and  Free  Shear  Flows 


A  spatial  structure  of  a  flow  in  a  axisymmetric 
sudden  expansion 
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A  flow  structure  in  a  channel  with  a  symmetric  sudden  expansion  has  been 
studied  in  the  past  as  it  is  frequently  encountered  in  engineering  practice.  A 
basic  structure  around  a  separated  shear  layer  and  reattachment  region  is  seen 
to  b(!  similar  to  that  of  the  two-dimensional  backward-facing  step  flow.  How¬ 
ever,  in  th('  axisymmetric  sudden  exi)ansion  flow,  the  structures  of  the  separated 
shear  vortex  might  be  more  compksx  because  it  is  gemsrated  as  an  angular  struc¬ 
ture  and  is  not  uniform  to  azimuthal  direction.  In  this  experiment,  we  used 
a  ultrasonic  velocity  profiler  to  measure  spatio-temporal  velocity  field  on  the 
streamwise  direction  in  the  axisymmetric  sudden  expansion.  We  report  here  a 
behavior  of  the  time  dependent  velocity  field  and  clarify  the  spatial  structure, 
especially  of  the  azimuthal  structure  of  the  separated  shear  vortex  by  spatial 
cross  correlation  functions. 

Instability  waves  in  separated  swirling  flows  at 

bluff  bodies 
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In  present  work  it  was  the  aim  to  investigate  the  development  of  controlled 
disturbances  in  three-dimensional  swirling  separated  flows  existed  on  upper  sur- 
fac:('  of  delta,  wing  at  high  angle  of  attac:k  and  at  the  end  of  rec:taiigular  wing  at 
tlu'  angle  of  attac;k.  During  laminar  separation  natural  periodical  disturbances 
are  observed  in  conical  how.  The  measurements  had  shown  that  at  the  initial 
region  of  disturbanc:e’s  development  their  frequency  depends  from  freestream 
velocity  and  the  angle  of  attack.  These  disturbances  liave  linear,  nonlinear  and 
turbulent  stages  during  the  how  development.  Imposition  of  artiheial  distur¬ 
bances  inhiiences  the  development  of  these  stages.  The  vortex  surface  has  the 
layer  structure  and  the  number  of  layers  grows  downstream.  The  spectral  com¬ 
ponents  of  the  excited  disturbance  develop  in  the  different  layers  of  the  vortex 
surface.  Measurements  were  also  made  in  turbulent  sepai-ation  regime  with  vor¬ 
tex  "breakdown".  The  artiheial  disturbances  introduced  in  the  how  results  into 
eigen  disturbances  or  coherent  structures. 


9G2 


Boundniy  Lnyc^rs  and  Free  Shear  Flows 
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Tli(!  onstrophy  and  dissipation  of  flow  regions  within  a  wall  bounded  flotv 
are  investigated  using  a  direct  numerical  simulation  (DNS)  of  a  fully  developed 
chaniK^l  flow  at  =  180.  It  is  shown  that  only  5.5%  of  the  volume  integrated 
(uistrophy  and  dissipation  comes  from  tlu'  viscous  sublayer,  compared  with  75% 
from  tlu^  region  20  <  ;v^'<  100.  This  region  is  also  shown  to  be  responsible  for 
most  of  the  dissi])ation  of  kinetic  energy  -within  th('  how.  85%)  of  enstrophy  is 
contaiiK'd  in  focal  regions  and  57%)  is  c:ontain('d  in  both  focal  regions  and  in  the 
spatial  rc^gion  20  <  y'^' <  100.  Thesi'  focal  ri^gioiis  are  also  responsible  for  66%  of 
dissipation  of  kinetic  (mergy.  The  contribution  of  the  focal  regions  in  the  region 
20  <  y'^<  100  to  tlu^  total  dissipation  of  kinetic  energy  is  43%. 
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Thi'('('  visnali'/ation  t(xhni(|n('S,  dye,  hydrogen  bul)l)le  and  solid  ])articles, 
w('r('  ini])l('m('nt('d  to  ichsitify  the  how  stiucturc's  over  two  diirumsional  hx('d 
b(Kl  forms  in  a.  20  met('rs  oi)en  channel  with  Re  =  18,400.  The  macro  how 
structures  bc'.hind  the  lied  forms  were  interpreted  as:  1)  Kelvin-  Helmholz  waves, 
2)  Boils  o  Kolks,  3)  Vertic:al  vortices,  4)  Funnel  vortices  and  5)  Recirculating 
how.  The  velocity  held  was  estimated  with  a  particle  tracking  technique.  It  was 
clearly  distinguished  an  upper  fast  how  and  a  lower,  behind  the  crest,  slow  huid 
motion  with  velocity  magnitude  two  to  three  times  different.  The  combination 
of  thr(X'  how  visualization  tcxlmiques  gave  valuable  information  of  the  formation, 
evolution  and  desti  uction  of  some  turbulent  l)oundary  layer  how  structures. 
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Natural  rivers  are  characterised  by  compound  open-channel  flows,  where 
secondary  currents  are  produced  not  only  in  river  benches  but  also  from  the 
anisotropy  of  turbulence.  The  poster  presents  experimental  results  from  PIV- 
measurements  of  secondary  currents  in  planes  perpendicular  to  the  main  velocity 
component  of  a  test  flume.  A  camera  with  high-temporal  resolution  is  used  to 
provide  a  time-series  view  on  tlu'  time-dependent  flow  held.  Instantaneous  ve¬ 
locities  and  related  flow  quantities  like  Reynolds  stress,  anisotropy  of  turbulence 
and  vorticity  are  evaluated.  Vortices  moving  towards  the  main  channel  indicate 
the  temporal  resolved  substructures  of  secondary  currents.  Tlu^  latter  flow  phe¬ 
nomena  cause  a  reasonable  mass  and  momentum  transfer  between  main  channel 
and  flood  plains. 

Scaling  the  outer  profiles  of  turbulent  boundary 

layers 
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Th('  outer  velocity  scale  determined  from  the  RANS  equations  using  sim¬ 
ilarity  a.iial,ysis,  U.^,,  provides  physical  insight  on  the  Bow  development  down¬ 
stream  and  it  provides  implications  on  Bow  control  which  are  not  possible  with 
any  other  velocity  scale.  Furthermore,  deBriing  equilibrium  flows  with  A  = 
S / f)(U^)dPoo I dx  =  constant  (from  which  it  follows  that  ~  Uoo^^^)  leads  to 
three  profiles  in  turbulent  boundary  layers  regardless  of  the  strength  of  the  pres¬ 
sure  gradient:  one  for  favorable  pressure  gradient  (FPG)  with  A  =  -1.915,  one 
for  adverse  pressure  gradient  (APG)  with  A  =  0.22,  and  for  zero  pressure  gradi¬ 
ent  (ZPG)  with  A  =  0.  Finally,  the  Zagarola  &  Smits  scale,  Uoo{(%/^)y  removes 
all  Reynolds  dependence  (which  arise  from  the  upstream  conditions)  even  for 
flows  near  separation,  and  it  yielded  three  profiles;  one  for  FPG,  one  for  APG 
and  one  for  ZPG. 


9G4 


Boundary  Layers  and  Free  Shear  Flows 
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Din'ct  iiuiiKn  ical  siniiila.tioii  is  us('d  to  study  the  fiuetuation  pciietra.tioii  process 
ill  a.  boundary  layer  and  the  subsequent  formation  of  spots.  In  this  study  a 
nuiiKnical  code  has  bcKiii  developed  for  the  DNS  of  compressible  subsonic  flows. 
The  code  is  based  on  higher  order  compact  schemes,  with  a  R.unge  Kutta  time 
integration,  tlie  acoustics  are  treated  in  a  separate  sub  time-step  integration. 
A  S})atial  boundary  layer  is  simulated  with  initial  ])rofiles  given  by  the  Blasius 
solution  for  equal  to  400  and  a  Mach  niimlx'r  of  0.2.  The  stream-wise 
velocity  at  tlu^  inflow  is  iierturbed  by  an  oscillating  structure  with  size  4r^  at  the 
(Hlg{^  of  the  boundary  layer.  First  results  show  the  formation  of  a  flow  structure 
with  character  istics  similar  to  those  of  turbulent  spots. 

Analysis  of  the  Interactions  between  Large-Scale 
Streamwise  EHD  Structures  and  a  Turbulent 
Boundary  Layer 
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Th(^  interactions  between  large-scale  electro-hydrodynamic  (EHD)  streamwise 
structures  and  a  turbulent  boundary  layer,  which  may  lead  to  significant  drag 
reduction,  are  analyzt'd.  The  data  from  DNS  of  a  turbulent  channel  flow  with 
difleiniit  intensities  and  configurations  of  the  electrostatic  forcing  flow  are  used. 
A  filtcn’iiig  procedures  based  on  the  wavelet  cros.s-correlation  analysis  is  proposed 
to  identify  and  (xlucc!  tlu^  EPID  flow  from  the  background  turl)ulence.  Usual 
analysis  t(u:hniques  are  then  applied  to  the  filtered  velocity  fields  to  study  tur¬ 
bulences  moelifie:a.tions.  Moresover,  the  the;  wavelet  cross-correlation  analysis  is 
also  nsesd  te)  unelesrstanel  the  mechanisms  hsading  to  drag  reduction,  since  it  gives 
thes  le)e:al  ce)ntribntie)n  to  thes  R.esyiiolels  stress  of  eae:h  flow  scale. 
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Interaction  of  Endothermic  and  Exothermic 
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The  boundary  layer  on  proposed  hypersonic  vehicles  will  be  turbulent  and 
chemically  reacting.  Understanding  the  interaction  between  turbulent  flow  and 
reactions  in  the  boundary  layer  is  important,  since  the  behavior  of  the  flow  near 
the  wall  affects  the  vehicle  aerodynamics.  Thus,  we  perform  DNS  of  boundary 
layers  at  Mach  4  and  Reo  -  7000  with  finite-rate  chemical  reactions.  For  the 
isothermal  case,  we  find  an  increase  in  the  range  of  turbulent  scales,  magnitude 
of  temperature  fluctuations,  turbulent  kinetic  energy,  and  structure  inclination 
angle.  This  is  a  result  of  exothermic  reactions  occurring  near  the  wall  and 
feeding  the  turbulent  modes  of  motion.  The  opposite  is  found  for  the  adiabatic 
simulation,  as  the  reactions  occur  at  the  expense  of  the  turbulent  fluctuations. 
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Oil  the  basis  of  the  classical  (^xinessioiis  for  tlu'  si)(!ctial  tensor  and  the  threc- 
dinKxisional  cuiergy  siieetrnin  of  a  sea  tiirhiikuiee  velocity  field  the  exact  values 
of  th('  longitudinal  and  transverse'  correlation  intervals  are  obtained  in  a  dinien- 
sionless  form.  Four  tyiies  of  the  correlation  intervals,  namely,  integral,  absolute, 
quadratic,  and  maximal  correlation  intervals  are'  evaluated.  The  exact  values  of 
th(!  longitudinal  and  transverse  normalizcKl  spatial  correlation  functions,  when 
their  arguments  are  ecpial  to  the  correlation  intervals,  are  computed.  The  new 
effective  modifications  of  the  difference  method  for  the  sea  turbulence  energy 
detcanhnation  using  mobik'  (especially  high-speed)  carriers  of  hydrophysic:al  in- 
struiiKuitation  are  i)roposed. 


Turbulence  structure  and  mixing  near  gas-liquid 

interface 
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Understanding  tlu^  structure  of  turbulence  near  gas-liquid  interfaces  and 
m{x:hanisms  of  mixing  and  transport  across  thc'ni  has  important  environmen¬ 
tal  and  industrial  a.pitlications.  Tlit',  cou])ling  of  tiuhulence  across  a  flat  inter¬ 
face'  is  analyzed  using  R.apid  Distortion  Theory  and  kinematic  simulations.  Our 
analysis  })r(xlic.ts  tlu^  cou])led  motions  at  the  interface  as  a  function  of  the  fluid 
pro])erties,  turbnk'nct'  v(4ocity  and  length  scales  far  from  the  interface.  Aspects 
of  thes('  prcxlictions  ai  c^  compared  with  results  from  DNS  computations  with 
encouraging  results. 
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On  Tracers  And  Potential  Vorticities  In  Ocean 

Dynamics 
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The  Ertel  potential  vorticity  for  stratified  viscous  fluids  in  a  rotating  sys¬ 
tem,  considering  also  external  forcings,  is  here  analyzed:  the  conservation  laws 
corresponding  to  novel  invariants  are  obtained.  These  invariants  do  not  have 
a  classical  form:  indeed  one  example  is  mere  classical  potential  vorticity  multi¬ 
plied  by  a  time  function.  It  has  to  be  stressed  that  similar  relations  hold  not 
only  for  marine  water  density  but  also  for  a  wide  class  of  conserved  quantities 
such  as  salt,  entropy,  tracers,  etc.  So  a  set  of  "tracers",  i.e.  materially  con¬ 
served  scalar  quantities,  and  the  corresponding  Ertel’s  potential  vorticities  in 
this  study  are  applied  to  various  cases  of  physical  interest  as  current  marked 
by  radioactive  tracers,  fronts  and  thernioaline  currents.  These  ideas  are  then 
used  for  an  "absolute  field"  determination  in  a  realistic  case  of  large-scale  slow 
oceanic  currents. 

Large  Eddy  Simulation  of  Flow  Phenomena  in 
Lakes  and  Reservoirs 

K.  Rettemeier  O.  Bergen  ^  and  J.  Koengeter  C 
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The  presented  poster  shows  the  application  of  a  finite  element  model  to  sim¬ 
ulate  the  flow  and  turbulence  in  natural  geometries  such  as  lakes  and  reservoirs 
which  are  very  complex  and  in  most  cases  fully  three-dimensional.  This  is  due  to 
the  irregular  boundaries,  the  large  volume  of  the  water  body  and  the  variability 
of  the  external  forces  on  the  water  body.  Numerical  models  must  at  least  be 
able  to  model  the  large  scale  processes  as  well  as  the  influence  of  wind  forces, 
momentum  induced  by  in-  and  outflow  and  the  coriolis  force.  Another  problem 
is  the  large  spectrum  of  turbulence  with  strong  anisotropic  flow  characteristics. 
Standard  statistic  models  are  widely  used,  but  it  is  very  difficult  to  model  the 
whole  spectrum  correctly  thus  a  veny  promising  approach  is  the  Large-Eddy- 
Sinmlation  technique. 
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GOTM,  a  model  for  simulating  dissipation 
measurements  in  estuaries  and  open  ocean 
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GOTAi,  CRniera.l  Ocean  Turlnilcncc  Adodcl  is  a  oiH'-dinicrisioiial  water  column 
model  that  allows  for  different  combinations  of  momentum  and  tracer  eciuations 
and  a  choice  b(d',ween  some  standard  tiirbuhmct;  parametri/ations.  Different  test 
cas(!s  hav(^  been  inx^iia.red  and  impleiiKuited  to  b('  run  with  GOTA4,  including 
some  situations  wIk'i'c^  direct  ineasurenKuits  of  turbulence  dissipation  rate  are 
availal)l('.  TIk'  actual  forcings  in  th(^  site'  ar('  estimated  from  measuixmients  tmd 
tui-buleiit  magnitu(l(\s  arc'  ])rognosed  and  conijiared  witli  the  available'  dissipa¬ 
tion  rat(^  uK'asurc'nH'iits.  Diflercmt  tuiluikuice  models,  stability  functions  and 
])aram('tri/.atious  of  intc'i  nal  wave'  and  slu'ar  instabilit,y  mixing  will  b('  aiiplic'd 
and  com])ar('d.  GOTAl  is  a  fic'cuvarc'  code'  available'  und('r  the;  GNU  licc'iisc'  in 
htt]):  / /www.gotm.iK't 

Experiments  on  flow  characteristics  and 
resistance  in  vegetated  channels 

A.  Baftunai]',  J.Al  R.odoiido^,  D.  Velasco'  and  J.P.  Martin  Vidc’^ 

'T(;clmical  Uiiive'rsity  of  Catalunya.  Hydraulic  and  Hydrological  Section 
“Technical  University  of  Catalunya,  Aiijilied  Physics  Department 
‘B'cclinical  University  of  Catalunya.  (Currently  at  University  of  Illinois) 
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Tlie  i)resent  paper  trie's  to  advance  in  the  behavior  of  the  flow  through  plants. 
Tlu^  j)urj)os('  is  to  obtain  th('  friction  factor  of  flc'xilde  vegetated  channels  and  to 
d('scrib('  the'  infhuuicc'  of  turbuh'iice  in  it.  Tlu^  ex])e]  iniental  set  up  is  a  20  m  long, 
1  metc'i-  wid('  I  nu'ter  high  fliuiK;  with  a  mild  slope'  made  with  grave;l.  Plastic 
sti’ij)s  wc'i’e'  iisc'd  to  ie'])re'se'nt  rive'r  j^lants  (common  re'e'd)  in  a  se-alc'  moele'l.  A 
Sontede  flowme't,e'r  was  use^el  to  me'asure  flow  vele)e:ities.  The'  Dare:y  We'isbaeT  frie:- 
tion  fa.e:tor  (f)  shows  good  a.greeunenits  with  the  api)re)ae:h  by  Kouwe'ii  (Kouwein, 
1992).  We^  show  the  bediavior  of  the  frie-.tion  factor  veisus  the)  density  of  the 
plants.  We;  ])rese'nt  some;  results  she)wing  a  relationshii)  betwe'en  shear  and  slip 
vele)citie;s  (just  ewe;]'  the'  plants).  The  vertie:al  distribution  of  veloe;itie;s  has  been 
mea.sure;d  anel  e'.emp^are'd  in  elimensionle;ss  foini. 
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SAR  Observations  of  the  Gibraltar 
Oceanographic  and  Environmental  Features 
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Dept,  dc  Fisica  Aplicada  Uiiiv.  Politecnica  de  Catalunya, 

B5,  Campus  Nord,  Barcelona  E-08034,  SPAIN 
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The  Synthetic  Aperture  Radar  (SAR)  is  a  usefull  tool  that  may  be  used  to 
study  both  marine  water  dynamics  and  its  pollution.  Oil  spills  and  Natural  sliks 
and  fronts  may  be  detected  and  procesed  with  advanced  computer  techniques  to 
reveal  vortex  dynamics  and  turbulence  spectral  characteristics  of  the  complex 
eddy  and  current  interaction  in  the  ocean  surface.  It  is  also  posible  to  detect 
changes  in  the  thermocline  and  internal  wave  activity.  We  analise  in  detaill 
frontal  features  asociated  with  maximal  exchange  flow  in  the  Strait  of  Gibraltar 
and  present  some  statistics  of  vortices  during  1996-1998.  We  conclude  from  the 
observations  that: 

•  The  upwelling  features  are  consistent  with  a  small  composite  Fronde  num¬ 
ber 

•  The  vortical  structures  seem  generated  by  coastal  canyons 
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Mixing  Regimes  in  Gaseous  Diffusion  Flames 

A.  Ca.vali(n-c  D.  Papina  ^  and  R.  Ragucci  ^ 

’Dii).  Inp,.  Cliiniica.,  UiiiY('rsi(.A  di  Nai>oli,  Fockuico  II 
“Iiislit ul.o  liicciclu'  sulla  ComhnstioiH',  CNR;  Najxdi 

A  mixing  dassifical  ion  is  prosontod,  in  which  Stirling  and  mixing  evolution 
is  taken  into  account  on  the  ground  of  evaluation  of  four  ({uantities,  namely  the 
av('rag('  virtual  mixing  la,y('r  thickness,  tlu'  minimum  ?dissipative?  length  scale, 
th(!  maximum  Ihhd-dynamic  kmgth  scale'  and  the'  a^a;rage  inte'rface  separation 
distance'.  The'  leasihility  of  the  measureme'iits  eTthe'  eiuantities  nexxk'd  to  identify 
1,he'  elillere'nt  regime's  is  asse'ssed  too.  Feii-  such  ])ur])ose  an  optie:al  diagnostie:s 
pieie’e'elurey  liaseiel  ein  tlie'  Ruae:t,ivei  Scattering  Te'eRnieiue,  has  heie'n  develo})e'el  feir 
t,he'  ejua.ntitative'  e'valuatiou  of  the  mixing  layer  thieTne'Ss  in  the  inert  and  reactive' 
mixing  layei  s.  It  e:e)nsists  in  thei  deite'e-.tion  of  TiOi  mie-roparticles  fe)rnied  during 
tJie'  eliffusiein  of  a  gase'eais  TiChi  tiae.e'r  in  a  wate'i-saturateel  second  reactant. 
Asserssmemt  e)f  the'  semsitivity  of  the  teeTniepie'  is  jirersented  and  eliscussed  in 
relatiein  te)  me'asureanenls  in  laminar  and  highly  strete:he'd  mixing  layers. 


Effect  of  chemical  reactions  and  phase  transitions 
on  turbulent  transport 

T.  El])(niii,  N.  Kloexniii  and  I.  Rogadiovskii 

D('])iu  f,in(']it  of  Mi'ckaiiieal  Eiighu'cihig,  Be'n-Giirioii  Unive'rsity  e)f  tlu'  Ne'gew, 
B('('r-Slie'va  84105,  P.  O.  Box  653,  Israe'l 

We'  sheiwe'el  that,  turhuk'iit  eliffusion  e:an  be'  strongly  de])k'ted  by  e:hemiical 
leau-.tieins  or  pha.sei  transitieins.  We  Ibunel  that  there  exist  additional  turbulent 
Iluxe's  e)f  nunil)ea'  ek'iisity  eif  i)artie:les  (edlect  of  turbulemt  mutual  diffusion  of 
a.elmixture's)  a.iiel  aelelitieuial  turbulent  heal  fiux  whieh  is  pro])ortional  to  tlie  gra- 
eliemt  e)f  numbe'r  ek'nsity  of  jiartiede's  in  flows  with  ehc'mical  reae:tions  or  phase 
traiisitieins.  We  ek'f.e'rmiiu'el  the'  e'xiste'nes'  e)f  the'  tuihulent  cross-e'ffee:ts  similar 
te)  theise'  in  irre've'rsible'  the'rme)elynaniie:s.  The'  analy'/e'el  effe'e:ts  may  re'sult  in  the' 
e'xcita.t.ieai  e)f  a.  la.rge'-se:ak'  instability  whieh  e:ause's  fbrmatie)!!  e)f  large'-scak'  inhe)- 
nie)ge'ne'itie'S  in  the*  spaiial  elisti  ibutions  of  temiiie'ratui  eis  anel  numbe'r  de'usities  of 
aelmixture\s. 
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Reduced  Kinetic  Mechanisms  in  Time  Dependent 
Numerical  Simulations  of  Nonpremixed  Flames 

J.  Hsu  and  S.  Mahalingam 

Joint  Center  for  Combustion  and  Environmental  Research 
Department  of  Mechanical  Engineering 
University  of  Colorado  at  Boulder 
Boulder,  CO  80309-0427,  USA 

Contact  e-mail:  hsni((')colorado.edu 


It  is  of  great  theoretical  interest  to  investigate  the  interaction  between  flames 
and  vortices  as  a  model  problem  to  study  turbulent  combustion.  The  goal  of  this 
study  is  to  understand  the  limits  of  applicability  of  progressively  more  accurate 
reduced  kinetic  schemes  for  methane- air  flames  using  time  dependent  numerical 
simulations  in  a  two-dimensional  flow  field.  Nonpremixed  one--,  three-  and 
four-step  reduced  kinetic  methane-air  flame  structure  and  flame  response  to 
interaction  between  a  pair  of  counterrotating  vortices  and  an  initially  laminar 
unstrained  flame  is  studied.  Both  continuous  burning  and  local  extinction  of  the 
flame  by  the  vortex  pair  have  l)ecn  observed  for  one-  and  three-step  reduced 
kinetic  schemes  in  the  numerical  experiments  carried  out  to  date. 
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Direct  Numeric^]  Simulation 


Large  Eddy  Simulation 


DNS  of  turbulent  Couette  flow  and  its 
comparison  with  turbulent  Poiseuille  flow 

K,  Shingai’,  H.  Kawamiira’,  and  Y.  Matsuo^ 


^D(^i)a,rtni(nit  of  A/Iediaiiical  Engineering,  Seienee  University  of  Tokt^o 
Noda-shi,  Chiba  278-8510,  JAPAN 
^National  Aerospace  Laboratory 
Chofii-shi,  Tokyo  182-8522,  JAPAN 

Contact,  e-niail:  kawa (ojrs.noda.sut.ac.jp 

A  diix'ct  niiiiK'rical  simulation  (DNS)  of  tuil)nl('iit  piano  Coiiotto  flow  (CF, 
b(a‘('aft(a  )  is  ])('i  foi'nH'(l.  This  (unjtloys  two  calculation  domains  of  3.2//,  x  //.  x  l.G// 
and  24//,  x  hxGh  to  ('x/imiiu'  the  effect  of  box  size.  Rt'ynolds  numl/ei  s  basc'd  on  the 
friction  velocity  and  eliamuJ  half  width  is  i?,rv  =  ISO  and  128.  respectively.  The 
obtained  statistic-.al  (luantities  are  compared  with  those  of  turbulent  Poiseuille 
flows  (PF)  with  Rtjynolds  numbers  of  Bey  =  ISO  ,  395  and  640.  The  comparison 
r(;v(^al(xl  that  th('  CF  can  simulate  better  the  turbulenc:c  characteristics  of  the 
turbuk'iit  boundary  layer  with  a  higher  Reynolds  number  than  PF  because  the 
total  slu'ar  stri^ss  iii  CF  stays  constant  across  the  channel  width. 


Generation  of  Turbulent  Inflow  Data  without 
Temporal  Correlations 

A.  Spilk'  and  FI.-J.  Kaltonliadi 

H('rniaini-Fr)tl,iugta-Iiistitut  fiir  StroinmigsiiK'chaiiik, 

Sckr(5ta.riat  MF  1,  Tcchiiisch('  Universitat  B(aliii,  D-10623  B('rliii 

Contact  c-iiiail;  spillcCdpi  andtl. pi. tn-hcrliii.de 

Simulation  of  spatially  (h'veloping  turliukmt  flows  using  DNS  or  LES  requires 
sixHlfic.a.tion  of  unsti'ady  inflow  data.  Several  methods  for  generating  turbulent 
inflow  (hita  have  beim  jiroposed  which  introduce'  a  temporal  periodicity  (e.g. 
Lund  e.t  al  |J.  Com]).  Phys.  140  (1998)])  that  can  interfei'  with  low-frequency 
flow  dynamics.  On  tlu!  other  hand,  inflow  ge'neration  methods  Inised  on  random 
nunilxns  a.rcj  known  to  re(|uir('  an  (^xteiuk'd  siiatial  developmcnit  legion,  see  e.g. 
Le  ct  al  |J.  Fluid  Mech.  330  (1997)|.  We;  propose  to  accelerate  tlu'  adjustment 
})rocess  by  using  body  forces  in  thci  framework  of  c4osed-loop  control  in  oidei  to 
increases  the'  slu'.ar  stre'ss  magnitude  until  it  reach('s  its  equilibrium  profile  in  a 
turbulent  boundary  layer. 
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A  priori  and  a  posteriori  tests  of  subgrid  scale 
models  for  scalar  transport 

C.  Jimenez^’*,  C.  Dopazo^’^  and  L.  Valino^ 

^  Fluid  Mechanics  Area.  University  of  Zaragoza.  Spain 
-  LITEC.  CSIC.  Spain. 

*  Present  Affiliation;  CERFACS.  France 

Contact  e-mail:  carmen@cerfacs.fr 

A  priori  tests  of  SGS  models  for  the  transport  of  scalars  by  turbulence  (t,:  = 
ufy-ujY)  are  performed,  by  studying  the  transfer  of  scalar  fiimtuations  between 

resolved  and  siibgrid  scales,  identified  by  a  term  in  the  equation 

of  large  and  subgrid  scale  fluctuations.  Physical  analysis  suggest  that  both 
forward  and  backward  transfer  occur  and  a  priori  tests  performed  with  data 
issued  of  a  DNS  of  a  mixing  layer  confirm  that.  Mixed  models  (eddy-diffusivity 
-f-  scale  similarity)  appear  in  that  tests  as  the  most  adequate.  Plowever  in  a 
posteriori  tests  it  is  shown  that  eddy  diffusivity  models,  even  if  only  able  to 
dissipate  fluctuations  from  large  to  small  scales,  give  very  similar  results  at  hnal 
times,  probably  due  to  the  decay  of  the  backward  transfer  relative  magnitude. 


A-posteriori  test  of  LES  closure  models  for  free 

surface  flows. 

R.  Broglia^,  L.  Bogiietti*,  A.  Di  Mascio^  and  B.  Favini* 

+  INSEAN,  Roma,  via  di  Vallerano  139,  00128  R.oma,  Italy 
'  Dip.  M(x:cauica  c  Acronautica,  Univcrsiti  Roma,  La  Sapionza 
via  Endossiaiia  18,  00184  R.oma,  Italy 

Contact  c-mnil;  r.bioglia@iiiscan.it 

Naval  hydrodynamics  is  characterized  by  very  high  Reynolds  number  regimes, 
pecailiar  geoni(4ry  conditions  as  free  surface  and  juncture  flows,  and,  in  some  cir- 
ciistances,  deca^ying  conditions.  Along  with  the  turbulence  intensity  reduction 
occurring  in  decaying  process,  the  flow  held  suffers  a  transition  from  three- 
dimensional  to  two-dimensional  topology.  Numerical  simulations  have  been  per¬ 
formed  for  se^xn•al  test  cases  as  frec-surface  channel  hows  and  junc:ture  geome¬ 
tries.  Comparison  between  a  low  order  standard  technique  and  an  high  order 
spectral  accurate  method  are  presented.  Beside  that,  large  eddy  simulations  for 
the  same  cases  with  dynamic  closure  techniques  are  performed  and  analyzed. 
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Large  Eddy  Simulation 


Large  Eddy  Simulations  of  the  flow  around  a 
square  cylinder 

E.  Vedy  and  P.  R.  Yoke 

S.M.M.E.,  Tlio  Uiiivoi-sity  of  Surrey,  Guildford,  Surrey,  GU2  5XH 
UNITED  KINGDOM 

Contact  e-iiiail:  (cvedyCOJsurrey.ac.uk 

W('  ])i-(\s('nt  tli('  results  of  Lai'ge  Edd>’  Siinulatious  of  the  flow  around  a  square' 
cyliuden-  at  a.  Rt'yiiolds  uuuiher  of  21400.  TIk'  first  siuiulations,  desigiic;d  to 
investigate;  tlie  luetsliiiig  rexjuireiiients  in  all  tlire'e'  spatial  directions,  make'  use  of 
a  Smagoii]isky  mode;!  (Smagorinsky,  19G3)  with  a  near  wall  damping  functiom 
In  the  second  serie;  of  simulations,  we  compare  different  subgrid  scale  models:  the 
Smagorinsky  mode'l,  the  dynamic  Smagorinsky  me)dcl  (Germano,  1991),  Sagaiit’s 
mixed  me)del  (Sagaut,  1998)  and  the  Velocity  Increment  model  (Brun,  Friedrich, 
1999),  e)n  two  typtes  of  griels,  using  192  x  144  x  G4  anel  224  x  IGO  x  G4  points  in 
the'  mean  flow,  euossfletw  and  sjumwise  directions,  re;si)ectively.  A  more  detailed 
anal^csis  of  the;  flow  elynamie:s,  using  a  liigher  resolution  simulation  (25G  x  240  x 
Gd),  is  also  presente'd. 

Large-eddy  simulation  of  flow  around  a 
rectangular  obstacle  in  fully  developed  turbulent 
boundary  layer  -  The  effects  of  turbulence  on  a 
separation  bubble  - 

K.  Nozawa  ‘  and  T.  Tainnra  ^ 

‘izinni  Research  Institute,  Shiiiiizu  Ceuporation 
Chiyoda-ku,  Tokyo,  JAPAN 
“Dei)ai  tnieiit  of  Eiiviroinneiital  Science*  and  Tecliiiolog}', 

Tokye)  Institute'  of  Technology,  Mi(k)ri-ku,  Yokohama,  Kanagawa,  JAPAN 

Contact  e;-mail:  nozawaCdori. shim/. co.jp 

The;  a])])licability  of  large-edely  simulation  to  the  flow  around  a  rectangular 
e)l)sta.e:le;  mounteel  in  fully  turbulent  l)oundary  layer  is  discussed  compared  with 
the*  e:ase'  in  laminar  beumdary  layea.  Especially,  the;  effect  of  turbnle;nc.e  on  a 
sei)aratie)n  l)id)])le'  formeel  on  the  rectangular  obstae:le  is  focused  on.  The  time; 
ele;])e;nel(;nt  turbnle'iit  inflow  was  ge;n('i'ate'el  by  the  method  of  Lund  e't  al.  |J. 
Ce)m]).  Phys.  140(1998) |.  In  the  case  of  turbulent  fle)w,  the  pressnre  elistributiori 
is  charac.te’rize'd  by  a.  low-pressure  peak  near  the*  se])aration  point  followed  by 
i‘ai)id  re;e:oveiy  towards  the;  re;attae:hnient  j)oint.  The  fast  growth  of  vortie;al 
thie-kne'ss  she)ws  that  the;  se])arated  flow  was  e:le;arly  affected  l)y  turbulence;. 
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Large  Eddy  Simulation  of  a  turbulent  flow  in  a 

heated  duct 


M.  Salinas  Vazquez  and  0.  Metals 

LEGI,  Iiistitut  de  Mecaiiiquo  de  Grenobk;, 

Intitnt  Polytechniqiic  de  Grenoble,  BP  53,  38041  Grenoble  GEDEX  9,  FRANCE 

Contact  c-inail:  Martin.Salinas@limg.iiipg.fr 

Large  Eddy  Simulations  of  a  compressible  turbulent  square  duct  at  low  Mach 
number  are  described.  First,  the  isothermal  case  with  all  the  walls  at  the  same 
temperature  is  considered.  Good  agreement  with  previous  incompressible  DNS 
results  is  obtained  both  for  the  mean  and  turbulent  statistics.  The  heated  duct 
with  a  larger  temperature  prescribed  at  one  wall  is  then  considered.  In  the 
vicinit}^  of  the  heated  wall,  we  observe  a  drastic  modification  of  the  near-wall 
structures  with  the  creation  of  one  big  ejection  around  the  wall  bisector.  The 
latter  is  accompanied  b}'  an  amplification  of  the  mean  secondary  flow,  a  de¬ 
crease  of  the  turbulent  fluctuations  in  the  near  wall  region  and,  conversely,  an 
enhancement  of  the  lattes-  in  the  outer  region.  These  large  scales  flow  modifica¬ 
tions  are  analyzed  with  the  aid  of  various  statistiesil  tools  analysis  and  various 
three-diuKsisional  flow  visualisation  techniques. 

A  Multi-domain/Multi-resolution  Method  with 
Application  to  Large-eddy  Simulation 

P.  Quemcl■e^  P.  Sagaut',  Y.  Couaillicr^  and  F.  Leboeuf^ 

'ONER A 

29  av.  dc  la  Division  Leclerc,  B.P.  72,  F-92322  Gliatillon  cedex,  FR  ANCE 
^Ecole  Contralc  de  Lyon 

36  av.  Guy  de  Collonguc,  B.P.  163,  F-69131  Ecully  cedex,  FR  ANCE 
Contac  t  o-inail:  quemerckdoncra.fr 

Thc'  use  of  a  multi-domain  approach  in  LES  apimars  as  an  appropriate  mean 
to  reduce  CPU  costs.  :  From  a  thcoric:al  point  of  view,  it  leads  meanwhile  to 
sudden  changes  of  resolution  at  the  interfaces,  since  LES  lays  on  spac:e  step  to 
determine  the  c:haracteristic  lengths.  Thus,  for  two  sub-domains  having  different 
resolutions,  the'  resc^lvc'd  flow  reprc'scuitation  has  to  be  discontinuous  along  tliC' 
interfaces  In  the'  aim  to  take  into  a.ce:ount  this  discontinuity,  a  reconstruction 
proe:edure  is  proi)Oseel  botli  for  the  resolved  flewv  (restriction  and  enrichment 
procedure)  and  for  the  associated  subgrid-scale  viscosity  (’rescaling’)- 
The  calculations  performed  in  a  subsonic,  plane*  channel  and  comparexl  with 
monodomain  results,  show  the'  efficiene:y  of  this  multi-domahi/multi-resolution 
method  while  diminushing  strongly  the  CPU  costs. 


97G 
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Large  Eddy  Simulation 


Large-Eddy  Simulation  of  an  oscillatory  boundary 

layer 

V.  Armenio  ^  and  G.  Vittori  ^ 

'Dipartimcnto  di  Ingogncria  Civik;  ,  Universita  dogli  Studi  di  Trieste 
Piazzale  Eiiropa  1,  34127,  Trieste-Italy 
^Dipartiiiieiito  di  Ingcgneria  Ambieiitale,  Univ(!rsita  degli  Studi  di  Genova 
via  Montallegro  1,  1G145  Geiiova-Italy. 

Contact  e-inail:  arnH'nioCtuniv.tric^ste.it 

LES  of  an  oscillating  boundary  layer  is  perfonnod  using  mixed  and  eddy 
viscosity  dynamic  models  (Armenio  et  al,  Proc.  ERCOFTAC  Workshop,  Cam¬ 
bridge  1999)  as  well  as  the  Smagoriiisky  model.  The  results  arc  compared  with 
the  reference  data  of  Vittori  and  Verzicco  {J.  Fluid  Mech.,  371)  at  Re^  =  800. 
As  expected,  the  Sinagorinsky  model  damps  the  energy  content  of  the  veloc¬ 
ity  fluc;tuations  of  approximately  50%  and  the  wall  stress  is  not  well  predicted, 
particularly  during  the  decelerating  parts  of  the  cycle.  Conversely,  the  dynamic 
models  are  found  to  compare  well  with  DNS.  In  the  simulations  performed,  the 
energy  contemt  is  a])proxima,tely  the  same  using  both  models.  The  scale  similar 
])art  of  the  mixed  model  ch  ains  approximately  50  %  of  the  available  energy. 


On  the  relation  between  coherent  structures  and 
grid/subgrid-scale  energy  transfer  in  transitional 
and  turbulent  shear  flows 

C.  B.  da  Silva 

LEGI,  Iiistitut  dc  MC-anique  do  Grenoble,  B.P.  53,  38041  Grenoble  Cedex  09,  France 
Co n  t  ac: t  e-  in  ai  1 :  C  ar  1  os .  S  i  1  \’^a(b)  h i n g .  i  nji g .  fr 

DNS  of  sj:>atially  developing  plane  jets  were  used  to  anal^'-ze  the  influence  of 
cxiherent  structures  in  the  loc:al  grid/subgi  id-scale  interactions.  In  1)  Transition, 
2)  emergenc:e  of  strong  longitudinal  vortices  between  Kelvin-Helmholtz  pairs 
and  3)  merging  of  a  pair  of  Kelvin-Helmholtz  vortices,  tlie  transport  equations 
for  the  grid  and  subgrid-scale  tensors  (nf'uf  and  Tij)  were  analyzed  trough 
the  api)lication  of  a  lc)c:alized  top-hat  filter.  The  most  important  stresses  were 
idcuitified  as  well  as  their  role  in  the  inter-scale  interactions.  A-priori  tests  were 
conducted  in  the  DNS  with  the  a)  Smagorisnky,  b)  Filtered  structure  function, 
c)  Dynamic:  Sanigorisnky-Lilly,  e)  Siiectral-clynainic,  f)  Scale  similarity  and  g) 
inc:]'ement  SGS  models. 


Two  Phase  Flows 
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Turbulence  modification  by  particles; 
Experimental  verification  of  a  theoretical  model 

G.  Ooms,  J.  Pietiyga,  C.  Poelma  and  .1.  Westerweel 

J.M.  Burgerscentruni,  Delft  University  of  Technology 
Laboratory  for  Aero-  and  Hydrodynamics, 

Rotterdamseweg  145,  2C28  AL  Delft,  The  Netherlands 

Contact  e-mail:  C.Poelma@\vbmt. tudelft.nl 

An  experimental  verification  has  been  made  of  a  theoretical  model  devel¬ 
oped  for  the  calculation  of  the  turbulence  surpression  by  small  particles.  To 
that  purpose,  a  systematic  literature  study  was  carried  out  to  find  all  published 
relevant  experimental  data,  which  was  then  compared  with  predictions  made 
with  the  model.  It  was  found,  that  for  the  same  values  of  the  relevant  dimen¬ 
sionless  parameters,  the  experimental  data  can  differ  considerably,  thus  making 
a  verification  of  the  model  difficult.  Recently,  a  new  project  was  started  to  gain 
experimental  data..  The  experiments  focus  on  water  flows  with  high  particle 
loading.  Their  aim  is  obtaining  the  velocity  fields  and  spectra  of  both  the  fluid 
phase  and  th(^  particle  phase. 


Near  wall  effects  on  particles  in  a  turbulent 
channel  flow 

P.  Rambaiid^’'-^,  A.  Taiiieie^,  B.  Oesterle^  and  M.L.  Riethmuller* 

Aon  Karman  Institute  for  fluid  Dynamics  (VKI), 

Cliaiisscc  dc  Waterloo,  B-1C40  Rhode  saint  Genese,  BELGIUM 
'■^Laboratoire  Universitaire  de  Mecaniqiio  et  d’Energetiqne  dc  Nancy  (LUMEN), 
Rue  .Jean  Lamour,  F-54500  Vandocuvrc-le.s-Nanc}^,  FR.ANCE 

Contact  e-mail:  rambaud@vki.ac.be 

A  one-way  coupling  particle  laden  flow  is  computed  by  the  mean  of  direct 
simulation  in  Eulcrian/Lagrangian  frame.  The  geometry  is  a  classical  channel 
flow  with  a  Reynolds  number  based  on  bulk  velocity  and  half  channel  width  equal 
to  2800.  The  particle  eciuation  include;  the  wall  corrected  drag,  the  lift  force 
due  to  the  particle  rotation  and  an  attempt  is  made  to  consider  an  electrostatic 
force.  High  care  has  l)een  devotcxl  to  gas  velocity  interpolation  at  the  location 
of  the  particle.  At  this  purpose  a  fully  3D-Hermitian  interpolation,  second  order 
type  even  on  stretched  and  staggered  grid,  is  proposed.  Lagrangia.ii  statistics  for 
several  particle  diameters  ar(i  ]:)roposed.  Visualisation  of  wall  vorticity  structure's 
and  inarticle  concentration  is  done. 
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Optimisation  of  two-equation  turbulence  models 

H.  Bczarcl 

ONERA 

Office'  National  d ’Etude's  e't  de'  R(’cli('i(li('s  Aerospatiale's 
Aea  odyna.niie:s  and  Eiieugctie:s  Alodc'lliiig  Department 
BP  4025  -  31055  Te)nlemse  Cedex  4  -  FRANCE 

Contae:t  e-mail;  bezard@onee  ert.fr 

Ill  order  to  improve  the  prediction  of  standard  k-£  and  k-co  turbulence  mod- 
eds,  a.  numerical  optimisation  process  has  been  used  to  optimise  the  modelling 
e;onstants  so  as  to  jirexlict  c.orrectl}?^  self-similar  flows  such  as  free  shear  flows  and 
(xiuilibriiim  boundary  layers.  Constraints  were  prescribed  to  satisfy  the  decay  of 
isotreijnc  turbulence,  the;  logaritlimic  law  equililirimn  and  tlie  lichavioiir  at  the 
edg(^  of  a  turl)ul(!iit  region.  Optimal  mod(ds  exhibit  better  comparisons  with  ex- 
peniments  than  standard  modeds.  Particularly  the  jdane  jet  /  round  jet  anomaly 
is  solved  without  any  additional  terms  and  tlu^  jirediction  of  APG  boundary 
layers  is  greatly  im])i-ov('d  even  by  the  oiitimal  k-£  model  which  constants  are: 
CA,  =  1.48,  C.-.,  =  1.97,  fT/i.  =  0.58,  a.  =  1.14.  The  study  was  performed  within 
iJie  Euro])ean  ATTAC  project. 

A  k  —  u  /Rapid  Distortion  Model  applied  to 
unsteady  wall  flows 

P.  (la  Costa  and  S.  Tardu 


Lal)()ratoir(^  d(;s  Ecoukuneuts  Geo])hysiques  et  Iiidustriols-  LEGI 
B.P.  53-X  38041  Grenoble-C(Mox  ;  France 

Contact  e-mail:  tar(ln@limg. inpg.fr 

Th(i  /;:  -  w  mod{'l  is  combiiuKl  with  tlu'  rapid  distortion  scheme  to  develop 
(dfectiv(^  unstcuidy  (dosiires  in  non-c'(iuili])iium  wall  flows  subj(x:ted  to  oscillating 
slu'ai'.  Th(^  phases  averaged  eddy  viscosity  is  n'lated  to  the  modulation  of  the 
(dlectivc^  strain  ])arani(d,(n'  <  tv,,,,-  >  (Alaxey,  JFM,  124,  2C1;1982)  by  <  ig  >  = 

- (v,„  >)  and  the  function  F{<  (v„,,  >)  is  ol)tained  by  the  bench 

0  <  u  >  /ay 

data  of  th('  st{'ady  c;hann('l  flow.  TIk^  ti  ansport  ecpiation  for  <  oy,r  >  complete: 


d  <  0',ty  > 

m 


<  n;.,,  >  d  <  u  > 
Td  dy 


<  D(y)  > 


d  <  0:,,(r  > 


wh('i'('  w('  considf'i'  both  a  gradic'iit  ty])e  diffusion  and  convection  by  large-scale 
<  V'  >  motions.  This  last  effect  is  nece'ssary  to  uiKk'rstand  the;  very  high  im]X)sed 
frequency  regime. 
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Effect  of  inlet  turbulence  on  convective  flow 
between  two  vertical  walls  :  k-e  low  Reynolds 
turbulence  model 

R.  Bennacer\  T.  Hammami^  and  A. A.  Mohamad^ 

Raboratoirc  Materianx  et  Sciences  des  Constnictions  Rue  d’Eragny, 

95031  Nenville  snr  Oise,  FRANCE 
“Department  of  Mechanical  Engineering  2500  University  Drive, 

Calgary,  Alberta,  Canada  T2N  1N4 

The  natural  convection  flow  in  an  asymmetrically  moderatel.y  heated  vertical 
channel  of  finite  length  was  simulated  using  Low  Reynolds  number  k-e  model 
[Perez  Sagara  et  al.  1995].  This  air  flow  is  related  to  many  application  in  in¬ 
dustry  and  civil  engineering  cooling  systems.  The  experimental  configuration  of 
Miyamoto  (1986)  with  a  constant  flux  generation  left  wall  and  an  adiabatic  right 
wall  with  a  modified  Gr"=  2.2  10^  was  considered.  In  order  to  trigger  transition 
inlet  turbulence  is  introduced  and  we  study  its  influence  on  the  flow.  This  noise 
intensity  seems  mesh  dependent  and  affect  the  transition  point  location.  In  any 
case  the  transition  between  entirely  laminar  flow  solution  and  turbulent  one  is 
somewhat  brutal  and  needs  an  inlet  intensity  greater  than  a  threshold  value.  In 
contrast  to  the  kinetic  energy  k  which  is  overestimated  The  wall  temperature 
evolution  especially  the  transition  point  position  is  well  predicted  for  the  above 
experience. 

Thermodynamically  Consistent  Turbulence 
Modeling  of  Turbulent  Flows  with  Variable 
Mass-density 

A.  Sadiki 

Energy  and  Power  plant  Technology,  Darmstadt  University  of  Technology, 
Mechanical  Engineering  Dpt.,  Petersenstr.  30,  64287  Darmstadt,  Gcnniany 
Contact  e-mail;  sadiki(dhrz2.hrz.tn-darnistadt.d{! 

The  validity  of  the  Favre  regrouping  procedure  has  been  verified  for  thermo¬ 
dynamically  closed  systems  and  for  “mass  conserving”  open  sytems  only.  Imple¬ 
mentation  of  the  second  law  of  thermodynamics  expressed  by  an  entropy  inequal¬ 
ity  based  on  extended  thermodynamics  leads  to  thermodynamic.ally  compatible 
second  order  closure  assumptions  valid  for  turbulent  flows  far  from  equilibrium. 
Thermodynamical  constraints  on  model  coefficients  are  derived  to  ensure  phys¬ 
ically  admissible  real  processes.  Using  the  Maxwellian  iteration  scheme,  non¬ 
linear  algebraic  expressions  are  dcxluced  and  new  results  are  presented.  Ther¬ 
modynamically  compatible  subgrid  scale  closure  assumptions  for  LES  are  also 
evaluated  and  thermodynamic  consistency  of  existing  SGS-models  are  discussed. 
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Prediction  of  the  Reynolds  stresses  and  higher 
moments  in  a  developed  turbulent  flow  in  an 
axially  rotating  pipe 

B.  B.  Ilynsliiii  and  S.  N.  Yakovenko 

‘  Lal)oratoiy  of  Aorod^oiamics  Fundaincntals  of  Power  Engineering, 

Insfitnte  of  Tliermoi)li3'sic.s  SB  P  AS,  C30090  Novosibirsk.  RUSSIA 
"  Pll3^sies  De])arl,nienf,,  Novosibirsk  State  University,  C30090  Novosi])irsk,  RUSSIA 
Lal)oratory  of  MocU^liiig  of  Tnrbnknit  Flows,  Institute  of  Theoretical  and 
A])])lied  Mechanics  SB  RAS,  039099  Novosilhrsk,  RUSSIA 
C  f ) n  t  a r:  t  ( '- 1  n  a  i  i :  y a ko V('  n  k  (( I'  i  t  a  i  n .  n  sc .  r  n 

Tin;  f;oniputati()ii  i('sults  for  moan  volocitios  aiid  Reynolds  stresses,  as  well 
as  skenvness  and  flatne^ss  factors  liave  Ixioii  ol)tained  in  stationary  and  rotating 
cylindrif:al  pipe  flows.  Third-inoinent  closing  assumptions  usually  used  and  cor¬ 
rected  for  mean  shear  terms  with  tlie  tangential  velocity  were  applied  in  the 
R.eynolds-sti-ess  model.  In  the  rotating  flow  the  corrected  model  gives,  on  the 
whole,  betteu-  ch^scription  for  triple  correlations  and  visible  improvement  for  the 
second  moments  than  those  for  standard  models.  Model  of  fourth-order  cumu- 
lants  ix^produces  the  measurc^d  data  for  tlu'  radial  flatm^ss  factor  in  the;  most  part 
of  th(^  non-rotating  flow  and  some  its  features  in  the  rotating  flow, 

This  resea.rcR  has  bec'ii  siipj^orted  by  the  INTAS-OPEN-97-2022  Grant. 

Predictions  of  higher  moments  by  a  transported 

pdf  model 

D.  Loiitini 

Dij)artiiiu'iito  di  Mc'ccanicai  c  Ac’rojiautica 
Uuiversita,  dogli  Studi  di  Roma  “La  Sai)ioiiza” 

Via  Eudo.ssiaiia  18,  T  991 84  Roma,  Italy 


Tlupioint  pdf  (probability  density  function)  trans])ort  approach  for  turbulent 
flows  featurc^s  tlu'  uniciue  capability,  unparalleled  in  other  approaches,  to  recover 
nionova.riat(!  and  joint,  i)df’s,  as  well  as  moments  of  any  order,  thus  enabling 
full  comi^arison  with  expei-imental  data  (when  such  ejuantities  are  measured), 
and  a  thorough  insight,  into  the  causes  of  possildc^  disagreement.  In  the  present 
paper  an  original  computational  algorithm  of  this  kind  is  presented,  based  on 
a  Langrwin  niodcd  for  velocity  comj)onents  and  a  Poisson  ecpiation  solver,  re¬ 
placing  solution  of  the  continuity  (xpiation.  It  is  applied  to  a  test  case  of  a  jet 
flow  (Hussein  ct  aL,  J.  Fluid  Mcr.li.  258:31,  1994),  for  which  measurements  of 
momcaits  u])  to  tlu^  third  order  are  reported. 
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Full  velocity-scalar  PDF  approach  for 
wall-bounded  flows  and  computation  of  thermal 

boundary  layers 

J.  Pozorski^  and  and  J.  P.  Minier^ 

dnstitnte  of  Fluid  Flow  Macliiiiery,  Polish  Academy  of  Sciences 
Fiszcra  14,  80952  Gdansk,  POLAND 

"Groiipc  Mecanique  des  Fluides  et  Tiansferts  Tliermiques,  Electricite  de  France 
G  quai  Watier,  78400  Cliatoii,  FRANCE 

Contact  e-mail;  jp(diimp.])g. gda.pl 

Turbulent  flow's  wdth  temperature  treated  as  a  passive  inert  scalar  variable 
are  computed  wdth  the  probability  density  function  (PDF)  method.  Wall  bound¬ 
ary  conditions  for  scalar  variable  are  developed  and  tested  in  the  full  (velocity, 
turbulent  frequency  and  scalar)  joint  PDF  approach.  The  boundary  conditions 
are  formulated  in  terms  of  instantaneous  particle  variables;  conditions  for  veloc¬ 
ity  are  those  for  the  logarithmic  region  of  the  wall  layer,  and  new?  proposal  is 
put  foravard  for  the  instantaneous  temperature  of  stochastic  particles  crossing 
the  boundary.  Mean  temperature  profile  across  the  channel  wdth  given  heat  flux 
as  well  as  higher-order  moments  of  joint  (velocity-scalar)  PDF  distribution  have 
been  computed  and  compared  wdth  available  DNS  results. 

Asymptotic  models  for  slow  dynamics  and 
anisotropic  structure  of  turbulence  in  a  rotating 

fluid 

F.S.  Godeferd,  J.F.  Scott  and  C.  Gambon 

Lab.  do  Mecaiiiciiic!  tics  Fhiidcs  ot  d’Acoiistitpie, 

UMR  5509,  Ecolc  Cciitralc  de  Lyoii, 

BP  163,  69131  Ecully,  Fiance 

The  present  w^ork  deals  wdth  w^eakly  nonlinear  statistical  two-point  models  of 
homogeneous  turbulence  wdth  solid  body  rotation.  It  follows  previous  theories 
based  on  anisotropic  EDQNM  models  that  have  been  applied  to  cases  of  ro¬ 
tating  as  w'ell  as  stably  stratified  turbulent  flow^s,  of  interest  both  in  industrial 
and  gcopltysical  engineering  contexts.  A  theory’’  is  developped  to  describe  the 
asymptotic  limit  of  strong  rotation.  Since  it  only  deals  wdth  integrals  over  res¬ 
onant  surfaces,  the  resulting  model  is  simpler  than  a  full  nonlinear  approach. 
It  has  also  suggested  an  improvement  of  the  Markovianisation  procedure  used 
in  the  full  model  thus  rendering  the  latter  valid  in  both  the  w'-eak  and  strong 
rotation  limits.  Comparisons  are  performed  between  the  asymptotic  model,  the 
full  model,  and  results  from  DNS. 
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Assessment  of  turbulence  models  of  second  order 
for  the  prediction  of  near-field  aircraft  plumes 

A.  Sadiki,  A.  Maltsev  and  J.  Janicka 

of  Energy  and  Power  Plant  Teclinology,  Darmstadt  University  of  Technology 
Petersenstr,  30,  64287  Darmstadt,  Germany 

Contact  e-mail;  maltsevCi)hrzpnb.tn-darmstadt.de 

Tli(^  main  ohjc'c.tivo  of  this  study  is  to  oxidoi('  tli('  asscssiiioiit  of  traiiS])ort 
('(piatioii  turl)nleiic('  and  mixing  models  for  the  ]n-edictioii  of  near-field  jet  ex¬ 
haust  i)him('S.  Turl)ul(mc(^  is  modelk'd  witli  three'  different  models  (two  different 
lin(xu‘  s(K!oud  ordea’  moment  closures  and  k-Epsilon  model).  Tlie  scalar  fluxes  arc 
modeded  by  c.orrespondiug  transport  eejuations.  ClKunical  reaction  mechanism  is 
tli(^  finite'  rate'  chemistry.  Simulations  w('re  carried  out  for  two  types  of  initial  and 
boniKlary  conditions.  Calculation  results  are  compared  with  results  of  different 
autliors  as  wedl  as  diflere'nt  turbulent  models  are  validated.  The  performance  of 
the;  ]nod(']  choice'  for  the'  tenii)en-aturei  ])reelie:tions  and  for  major  nitrogen  species 
is  i)e)intexl  e)ut. 


Infiuences  of  Buoyancy  on  Turbulence  for 
Conditions  of  Heat  Transfer  by  Combined  Forced 
and  Free  Convection  to  Air  in  a  Vertical  Tube 

9.D.  Jackson  and  Jiaiikang  Li 

School  e)f  Engiiie'cring,  University  of  Maiiche'stew 
M13  9PL,  UK 

Contact  e-mail:  jdjacksonCUman.ac.idN:,  jkK<ijfsl .eng.man.ac.uk 

A  compre'hensive'  ]nogramme  of  experiments  to  study  buoyancy-influenced 
turbule'iit  liesit  transfei'  in  a  tube  has  rcK'.e'ntly  bee'n  completed  by  the  authors. 
Comi)utational  simulations  of  the  ex])('riments  w('re  tlien  performed  using  a  low 
Reynolds  mimlx'r  k  -  e  turl)ul('nce  niodc'l.  Tlu'  rc'sults  reproduc(xl  observed 
bc'ha.viour  closely.  Tln^  succc'ss  of  tlu'sc'  simulations  ('ncouragx'd  the  authors  to 
('xauiiiK'  the  ntsults  with  a  view  to  obtaining  a  better  uiiderstanding  of  the 
mechanisms  involved  in  buoyancy-induced  impairnK'iit  of  heat  transfer.  The 
vcdocity  profiles  were  strongly  modified  by  Imoyanc.y  and  the.  consequences  in 
terms  of  turbuknice  were'  ck'arl}^  evident.  Tin;  shear  stress  was  drastically  reduced 
and  tlu'  visc:ous  sublayer  thickness  increased  by  a  factor  of  about  three. 
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Validation  of  the  subgrid  modelling  by  simulating 
a  compressible  turbulent  flow  in  a  3D  channel 

L.  Co  quart,  C.  Ten  and  and  L.  Ta  Pluioc 

This  study  deals  with  the  Large  Eddy  Sinuilation  of  unsteady  compressible 
internal  flow  at  high  Reynolds  number,  for  turbomachinery  appplications.  To 
validate  the  subgrid  scale  modelling  in  a  realistic  configuration,  where  shock¬ 
wave/boundary  layer  interaction  and  separation  occur,  the  simulation  of  a  com¬ 
pressible  flow  through  a  3D  convergent-divergent  channel  is  performed  (Delery, 
ONER, A).  The  subsonic  flow  at  the  inlet  is  accelerated  in  the  convergent  part 
and  reaches  the  sonic  conditions  at  the  throat.  A  shock- wave  interacts  with  the 
boundary  layer  in  the  divergent  leading  to  a  large  separation.  The  isentropic 
Mach  distributions,  the;  mean  velocity  and  the  Rnyiiolds  stress  profiles  are  com¬ 
pared  to  experiments  and  Rij  -  e  simulations.  The  different  results  obtained 
by  LES  are  in  good  agreement  with  experiments  and  will  be  presented  on  the 
Poster. 


Study  of  wake,  vortex-shedding,  and  shock  in  a 
Transonic  Compressor 

J.  Estcvadeordal  \  S.  Gogineni  \  L.  Goss  \  W.  Copenhaver  ^  and 

S.  Gorrdl  ^ 

'  Innovative  Scientific  Solutions  Inc. 

276C  Indian  R.ipple  Rd.,  Dayton,  OHIO,  45440,  USA 
“Air  Force  Research  laboratory 
Wriglit-Patterson  Air  Force  Base,  OHIO,  45433,  USA 

Contact  e-mail:  jordi@innssi.com 

The  instantaneous  wake-shock-blade  interactions  occurring  in  a  high-through- 
flow,  axial- flow  transonic  compressor  are  studied  using  Digital  Particle  Image  Ve- 
locimetry  (DPIV).  In  the  present  study  a  system  was  developed  to  obtain  high- 
resolution  velocity  data  from  the  high-through-flow,  axial-flow  transonic  com¬ 
pressor  located  in  the  Compressor  Aerodynamic  Research  Laboratory  (CARL) 
at  Wright-Patterson  AFB.  The  coherent  structures  interactions  with  the  poten¬ 
tial  field  of  the  leading  edge  of  the  blades  and  the  shock  as  a  function  of  the  blade 
position  is  presented.  Chopping  of  the  wake  due  to  blade  passage  is  evident  and 
the  shock  location  and  motion  can  be  calculated  from  the  DPIV  velocity  field 
at  different  instants.  R,ef.:  AIAA  00-0378,  R.eno  ,  NV,  January  2000 
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Anisotropic  Scaling  Anomaly  in  Isotropic 
Turbulence 

B.  R.  Pearson  and  W.  v.  d.  Water 

Fluid  Dyiiaiiiirs  Laboratory,  Uiiivorsity  of  Technology,  Eindhoven 
P.  O.  Box  513.  5C00MB  Eindhoven,  THE  NETHERLANDS 

Contact  e-niail;  w.  v.  d.  waterCtt  ue.nl 

Tli('  iiKu  tial  range  (IR)  stnu:tiirc  of  tiii  l)ulGUc:e  i.s  iiivcstigatt'd  in  a  perforated 
plati'  flow  over  a  eonsick'rabh;  range  of  B.\  (200  <  Rx  <  1200) .  At  x/M  =  40, the 
flow  has  good  global  isotropy  in  the  normal  transverse  direction  {{‘tr)  /  {ir)  ~  l.l) 
and  high  anisotropy  in  the  spanwise  tivansversc  direction  {{'ar)  /  (u^)  ~  1.7). 
ESS  is  used  to  measure  the  IR,  scaling  exponents  Cni'a),  Cui(?0-  CvM 

are  close  to,  but  distinct  from,  Ca(a)-  Both  are  R.x  independent.  more 

anomalous  than  Cc(^0  slightly  R.x  deiiendeiit  with  asymptotic  values  very 
different  to  Cr('/0-  The  turbulence  produced  by  a  simple  geometry  highlights  the 
dependences  of  IR,  scaling  on  anisotropy  generated  by  initial  conditions. 


Effects  of  shear  on  small-scale  properties  in  a 
Kolmogorov  flow 

I.  San  Gil  S.  Chen  and  K.  R.  Sreenivasan  ' 

^  Mason  Lai).  Yak^  University 
9  Hillhou.se  Ave.,  New  Haven,  CT  00520,  USA 
“Center  foi'  non-lineai'  studies,  Los  Alamos  Natl.  Lab. 

TA-3,  Bldg.  1090,  Los  Alamos,  NM  87545,  USA 
•^Mech.  Eng.  Dept.  John  Hopkins  Uiiiversity 
200  Latrobe  Hall,  3400  North  Charles  St.  Baltimore,  MD  21218,  USA 

Contact  e-mail:  inigo.sangil@yale.edu 

We  study  the^  effects  of  shear  on  some  small-scale  properties  in  the  Kol¬ 
mogorov  flow  foi’  different  Reynolds  numbers  and  shear  rates.  Several  DNS  of 
the  Kolmogorov  flow  are  obtained  using  pseudospectral  techniques  w'ith  sinu¬ 
soidal  forcing.  In  i)articular,  we  characterize  the  influence  of  shear  on  the  second 
moment  of  the  longitudinal  velocity  diflereiice.  The  PDF  of  Aiif.  conditioned 
on  the  large  scak'.  velocity  shows  a  curvature,  in  agreement  with  the  behavior 
o])S('rv('d  in  high-R,('ynolds  data.  The  PDF  of  the  enstrophy  is  stretched  out  to 
higher  valiu's  than  for  the  energy  dissipation.  Second  and  fourth  moments  of 
th('  locally  averaged  fields  also  show  a  more  intermittent  character  of  enstrophy, 
and  showing  a  second  order  effect  with  the  shear. 
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Fractal  skins  of  turbulence 

D.  Queiros-Conde 

Department  of  Applied  Mathematics  and  Theoretical  Physics 
University  of  Cambridge,  Silver  Street,  Cambridge  CBS  9EW,  United  Kingdom 

A  new  geometrical  structure  is  proposed  in  order  to  describe  intermittency  in 
fully  developed  turbulence.  An  hierarchy  of  fractal  structures  Dp  of  dimension 
Ap  ranging  from  Aco  =  1  to  Aq  =  d  =  3  linked  by  7  =  (Ap+j  —  Aoo)/ (^p  —  ^00) 
where  7  =  ((1  3/\/8)^/^  +  (1  -  3/\/8)^/^)^/3  ~  0.68  is  introduced  (D.  Queiros- 

Conde,  C.  R.  Acad.  Sci.  Paris,  t.327,  Serie  lib,  p.  385,  1999).  This  allows  a 
determination  without  adjustable  parameters  of  the  scaling  exponents  (p  and 
Tp  of  velocity  and  energy  dissipation  structure  functions.  This  is  obtained  by 
the  introduction  of  an  entropy  jump  defined  at  the  scale  r,  ASp{r)  =  (Ap+i  - 
Ap)/n(r/7-o),  characterizing  the  order  level  of  each  sub-structure  Qp  and  verifying 
a  linear  relation  ASp{'r)/ ASp^i  (r)  =  7. 


Turbulent  wakes  of  3-D  fractal  grids 

D.  Queiros-Conde  and  J.C.  Vassilicos 

Department  of  Applied  Mathematics  and  Theoretical  Physics 
University  of  Cambridge,  Silver  Street,  Cambridge  CBS  9EW,  United  Kingdom 


We  have  measured  turbulence  fluctuations  and  various  velocity  profiles  at  dis¬ 
tances  in  the  wakes  of  3-D  fractal  grids  where  the  turbulence  has  had  the  time  to 
travel  for  a  large  number  of  turnover  times.  We  have  four  3-D  fractal  grids  at  our 
disposal,  all  identical  except  for  their  fractal  dimensions  which  are  2.05,  2.17,  2.40 
and  2.75.  Our  main  result  is  that  velocity  structure  functions  are  slower  varying 
functions  of  two-point  separation  for  larger  fractal  grid  dimensions.  However, 
mean  shear  rates  decrease  as  the  fractal  grid  dimension  increases.  Furthermore, 
the  relative  exponent  C2/C3  determined  by  Extended  Self-Similarity  increases 
with  fractal  grid  dimension.  For  more  details  see  Queiros-Conde,  D.  &  Vassili- 
cos,  J.C.  2000  In  Intermittency  in  Turbulent  Flows,  CUP. 
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Temporal  structures  in  Shell  Models 

F.  Okkels 

of  Optics  and  Fluid  Dynamics,  Riso  National  Laboratory,  Denmark 

and 

Center  for  Chaos  and  Turbulence  Studies,  The  Niels  Bohr  Institute,  University  of 

Copenhagen,  Denmark. 

Contact  e-mail:  okkels@nbi.dk 

Among  the  reduced  models  of  fully  developed  turbulence  the  GOY  shell 
model  has  been  particular  successful.  The  temporal  statistics  of  the  model  nicely 
reproduce  the  iiitermittency  corrections  found  in  experimentally  measured  tur- 
bnhuKxn  In  this  work  we  view  the  GOY  model  as  a  dynamical  system  and  show 
that,  th(^  dynamics  consist  of  a  unique  pattern  of  a  burst  followed  by  a  relaxation. 
It  turns  out  that  tlu'  local  coupling  in  the  model  causes  the  temporal  evolution  to 
follow  a  3  dimensional  “locad  attractor”.  The  “local  attractor”  is  used  to  explain 
the  self-organisation  and  the  intermittent  nature  of  the  bursts. 

This  work  indicates  how  the  intermittency  corrections  in  turbulence  can  be 
gxuK'ratefl  by  a  low-dimensional  dynamical  system. 


Wavelet  Analysis  of  Intermittent  Behavior  of 
Pressure  Fluctuations  in  Separated  and 
Reattaching  Flows 

Iiiwoii  Leo  '  and  Hynng  Jin  Sung  ^ 

'  Flow  Coiildol  Laboratory,  Department  of  Ajeelianieal  Engineering 
Korea  Advanced  Institute  of  Science  and  Technology 
373-1,  Knsong-dong,  Ynsong-kn,  Taejon  305-70L  KOREA 

TinKvd(’pend('nt  chaiacteristics  of  wall  iiressiire  fluctuations  in  separated  and 
rea.ttaching  flows  over  a  backward-facing  step  were  investigated  by  means  of 
continuous  wavelet  transform.  Emphasis  was  ])laced  on  the  combination  of  time- 
locali/xal  analyses  of  wavelet  transform  and  multi-point  measurements  of  pressure 
fluctuations.  Synchronized  wa.vehd,  niai)s  revealed  the  evolutionary  behavior 
of  pr(\ssur('  fluctuations  and  gave  further  insight  into  the  modulated  nature  of 
large-scak'  vortic:al  sti  ucturc's.  It  was  found  that  there  exist  two  models  of  shed 
vortices;  oik'  is  the  global  oscillation  and  the  other  is  the  vortex  convection.  The 
two  alternating  models  are  synchronized  with  the  flapping  frequency  component 
of  pressure  fluctuations. 
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The  Scalings  of  Scalar  Structure  Functions  in  a 
Velocity  Field  with  Coherent  Vortical  Structures 

Md.  Amirul  Islam  Khan  and  J.  Christos  Vassilicos 

Department  of  Applied  Mathematics  and  Theoretical  Physics, 

University  of  Cambridge,  Silver  Street,  Cambridge  CBS  9EW,  United  Kingdom 
Contact  e-mail:  maik2@damtp.cam.ac.uk  and  jcvlO@damtp.cam.ac.uk 

In  a  two  dimensional  (2-D)  turbulence  modelled  as  an  isotropic  and  homoge¬ 
neous  collection  of  2-D  non-interacting  compact  vortices,  the  structure  functions 
Sp(7‘)  of  an  advected  and  diffusing  passive  scalar  field  (initially  on-off)  have  the 
following  scaling  behaviour  in  the  limit  where  the  Peclet  number  Pe  -)■  oo: 

Sp(7-)  ~  co7istant  +  log  ^-i/3  )  lPe~^^^  <  7-  <  I, 

MC  ~  for  <  r  < 

where  I  is  a  large  scale  and  D  is  the  fractal  co-dimension  of  the  spiral  scalar 
structures  generated  by  the  vortices  (1/2  <  <  1).  Note  that  is  the 

scalar  Taylor  microscale  which  stems  naturally  from  our  analytical  treatment  of 
the  advection-diffusion  equation. 

Coherent  structures  in  shell  models  for  passive 
scalar  advection 

L.  Biferale^  1.  Daiimont^,  T.  Dombre^  and  A.  Lariotte'^ 

^  Dept,  of  Physics  and  INFM,  Univ.  di  Tor  Vergata 
Via  della  R.icerca  Scientifica  1,  1-00133  Roma,  Italy 
^ Labor atoire  dc  Physique,  URA-CNRS  1325,  ENS  Lyon 
46  allee  d’ltalie,  69364  Lyon  cedex  07  Pi-ance. 

^Centre  dc  Recherche  sur  Ics  Tres  Basses  Temperatures- CNRS, 

BP  166,  38042  Grenoble  Cedex  9,  France. 

'’Laboratoire  Cassini-  CNR.S,  Observatoire  de  Nice,  BP  4229,  06304  Nice  France 
Contact  e-mail:  idaumont@ens-lyon.fr 

We  consider  a  shell  model  version  of  Kraichnan’s  passive  scalar  problem  and 
study  its  anomalous  scalings  in  terms  of  singular  coherent  structures.  The  role 
played  by  fluctuations  with  local  exponent  h  in  the  original  physical  space  model 
is  replaced  by  the  formation  of  pulse-like  structures,  growing  self-similarly  as  they 
propagate  from  large  towards  small  scales.  Arguying  that  the  most  intermittent 
events  are  well-captured  by  configurations  of  optimal  Gaussian  weight,  we  are 
able  to  compute  numerically  with  instanton  techniques  the  distribution  f{]i) 
of  the  multifractal  set  of  scaling  exponents  li.  We  find  that  the  asymptotic 
properties  of  the  scalar  field  statistics  are  well  reproduced. 
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Passive  temperature  pdf’s  in  fully  developped 

turbulence 

C.  Auriaiilt\  Y.  Gagno^  and  B.  Castaing^ 

YEGI/IMG-CNRS,  B.P.53X, 

38041  Grenoble  Cedex  9,  Fiance. 

■^ENS  Lyon,  URA  1325  CNR.S,  46  alloc  d’ltalie, 

G9364  Lyon  Gedex  7,  Fiance. 

Contact  o-mail:  gagne@limg.inpg.fr 

Passive  teiiiiioratnre  fluctuations  0  (measured  in  axysiinmetric  jet,  boundary 
layer,  “chunk”  turliuk'iice,  witli  400  <  Rx  <  2000)  show: 

•  Depending  on  the  scalar  injection,  the  6  pdfs  are  skewed  following  a  unique 
sf:heme.  Fluctuations  coming  from  the  rare  outer  flow  events  and  mixed 
by  the  flow  are  cpiasi  exponentially  skewed  whereas  fluctuations  due  to  the 
tc’iuperature  field  of  the  flow  itself  are  always  quasi  gaussiau. 

•  On  the  contiary,  pdfs  of  the  increments  SO{io)  measured  at  the  integral 

scale  (\)  result  of  the  convolution  of  6*  by  its  symetric  {-0)  and  thus  have 
always  two  cpiasi  ex])onentiaI  wings.  When  the  separation  (i  decreases 
the  pdfs  arc'  more  and  more  skewed  as  long  as  the'  local  velocity 

temiieratiire  correlation  <  Sn.{(^.).S0{{‘)  >  is  not  zc'io. 


Prom  a  Vortex  Gas  Model  of  Turbulence  to 
Mellin  Functions 

P.  Borgnat',  O.  Michd',  C.  Baudet'"^  and  P.  FlandiiiP 

‘  Laboratoirc;  do  Pliysicpic^,  Ecok'  Normale  Superieiire  de  Lyon 
46,  allcT  ddtalie  69364  Lyon  Ccalex  07,  FRANCE 
^  LEGI,  INPG-Universitc'  J.  Foiiricn- 
1025,  rue  de  la  Piscine,  38400  Saint-Martiii-d’Hercs,  FRANCE 

R.elying  uj:)on  a  dc^sc.i  iption  of  tur1)ulent  flows  as  a  “gas  of  objects”,  we  study 
Lundgren’s  small  scale  turbuk'iice  model.  This  approach  describes  turbulence 
as  a.  statistical  diluted  distribution  of  stretched  aging  spiral  vortices.  We  found 
that  (lir(H:t  c^sl  ima.tc's  of  vorticity  and  veloc:ity  siu'ctra  evidence  a  Kolmogorov’s 
inei  tial  range  but  that  details  are  blurred  cuit  by  the'  core  of  the  siiiral,  in  both 
cases  of  simulatc'd  vc'locity  measm-es  and  fractal-leased  geometrical  studies  (a 
la  Vassilicos).  Bc'cause  such  tools  are  not  adequate  to  capture  properties  of 
the  unstcvidy  objects,  we  pro]eose  to  use  mixed  rejeresentations,  either  in  time- 
Fouricn-  domain  where  a  certain  lack  of  universality  is  observed,  or  in  a  time-scale 
domain  on  the  basis  of  scale-invariant  Mellin  functions. 
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The  Scalings  of  Scalar  Structure  Functions  in  a 
Velocity  Field  with  Coherent  Vortical  Structures 


Md.  Amirul  Islam  Khan  and  J.  Christos  Vassilicos 


Department  of  Applied  Mathematics  and  Theoretical  Physics, 
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In  a  two  dimensional  (2-D)  turbulence  modelled  as  an  isotropic  and  homoge¬ 
neous  collection  of  2-D  non-interacting  compact  vortices,  the  structure  functions 
Sp{r)  of  an  advected  and  diffusing  passive  scalar  field  (initially  on-oft)  have  the 
following  scaling  behaviour  in  the  limit  where  the  Peclet  number  Pe  oo: 


Sp(r)  ~  constant  -h  log  ^  for  IPe  <  r  <  I, 

S,{r)  ~  for  <  r  < 


where  /  is  a  large  scale  and  D  is  the  fractal  co- dimension  of  the  spiral  scalar- 
structures  generated  by  the  vortices  {1/2  <  D  <  1).  Note  that  IPcr'^^^  is  the 
scalar  Taylor  microscale  which  stems  naturally  from  our  analytical  treatment  of 
the  advection-diffusion  equation. 
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The  definition  and  identification  of  a  vortex 

revisited 

B.  Herrera  H,  F.X.  Gran  2^  and  Francesc  Giralt;”^ 

^ Dejiartamont  d’Eiigiiiyeria  Iiiformatica  i  Matomatiquos 
Univorsitat  Roviia  i  Virgili,  Tarragona,  SPAIN 
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Univ(;rsit:at,  R.ovira  i  Virgili,  Tarragona,  SPAIN 
^Departaincnt  d’Enginyeria  Quiniica 
Univorsitat  Rovira  i  Virgili,  Tarragona,  SPAIN 

Contact  (vmail:  bhcrroraOctsc'.urv.c.s 

Several  <,(H:liniqiies  and  algorithms  lia.ve  Ijecii  proposed  in  the  past  to  identify 
vort(^xes  and  to  visualize  tliem  (Hunt,  Cliong,  J(!on&Hussain,  Michard,  Cuci- 
tore).  One  of  the  difficulties  foi'  defining  and  identifying  vortexes  is  to  charac- 
tenize  its  boundaries.  Up  to  now,  all  existing  definitions  either  arc’  ambiguous  in 
(k'fining  thc^  vortex  boundary  or  fail  in  cases  as  clear  as  the  Hill  vortex.  In  this 
work  we  ])ropose  an  unambiguous  definition  of  a  vortex  boundary  that  works 
in  cases  where  the  previous  definitions  fail.  Our  definition  in  given  by:  the 
points  p  that  f{p)  =  ||a;||‘^  S{v,v)  —  ||n||‘^  S{uj,lj)  =  0,  with  y/||  {v  x  cj);  where 
Vv  =  5  +  ' 

Inhomogeneous  turbulence  near  a  large  scale 

vortex 

C.  Simand,  F.  Chilla  and  J.-F.  Pinton 

Lal)()ratoir(i  do  ])hysiqTie,  Ecolo  normalo  .siq>6rienre  do  Lyon 
4G,  alloc  d’ltalio,  693G4  Lyon  codox  07,  FRANCE 

Co  1 1 1  ac,  1.  (V 11 1  a  i  1 :  c.si  in  a  n d Ci) rn  i s- 1  y  o n .  fr 


We  study  tliC'  statistics  of  turbulent  velocity  fluctuations  in  the  neighbour¬ 
hood  of  a.  strong  large  scaki  vortex.  The  Reynolds  number  is  about  lO'"*  so  that 
the  flow  is  turbulent  but  strongly  anisotropic  and  inhomogeneous.  We  study  the 
third  order  moment  of  velocity  differences  at  differents  locations  in  the  flow  and 
consider  it  as  a  measurement  of  the  energy  transfer.  We  find  that  in  a  situation 
in  which  the  vortex  is  stable  the  skewness  is  small  and  negative  far  away  from 
the  axis  of  rotation  and  becomes  positive  near  the  vortex  core:  there,  energy  is 
accumulated  in  the  large  scale  where  it  stabilizes  the  dynamics  of  the  vortex.  In 
a  situation  in  which  the  vortex  is  largely  unstable,  the  skewness  exhibits  valnes 
similar  to  those  of  isotropic  homogeneous  turbuk'iicxr 
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Computation  of  equilibria  between  two  corotating 
nonuniform  vortices. 

U.  Ehrenstein  ^  and  M.  Rossi  ^ 
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Nonlinear  equilibria  between  vortices  are  generally  obtained  in  the  context 
of  uniform  vorticity  (Dritschel,JFM  293,  1995).  We  compute  the  equilibria  be¬ 
tween  two  nonuniform  vortices.  Constraints  imposed  on  the  vorticity  field  of  an 
inviscid  equilibrium,  are  introduced  into  a  branch  following  algorithm.  This  lat¬ 
ter  method  determines  nonlinear  branches  as  fixed  points,  starting  from  a  given 
initial  solution.  As  an  input,  we  use  two  Lamb  vortices  located  far  apart.  The 
continuation  parameter  is  the  distance  between  vortices  L.  A  whole  family  of 
equilibrium  states  is  thus  computed  step  by  step  by  decreasing  the  continuation 
parameter  L.  Different  cases  are  considered  according  to  the  circulation  ratio, 
core  radius  and  parameter  characterizing  the  vortex  non-uniformity. 


Experiments  on  the  vortex  structure  of  a  wake 

behind  a  torus 

S.  Yamashita  and  Y.  Irioue 
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Contact  e-mail:  yinoue@mech.gifu-u.ac.jp 

We  research  the  spatiotemporal  structure  of  a  wake  behind  a  torus  by  using 
an  ultrasonic  velocity  profile  monitor  (UVP).  A  torus  has  a  cross-sectional  diam¬ 
eter  d  and  a  center-line  diameter  D,  and  two  tori  of  D/d  =  3  and  5  arc  used  in 
this  study.  Experiments  are  performed  in  a  uniform  flow,  and  the  Reynolds  num¬ 
ber  based  on  the  diameter  d  remains  constant  at  1500.  Spatiotemporal  contour 
maps  of  the  fluctuating  velocity  component  in  the  radial  direction  clearly  show 
the  flow  patterns  in  the  space-time  field.  The  proper  orthogonal  decomposition 
is  applied  to  these  data.  It  is  clear  that  the  flow  structures  arc  considerably 
different  between  the  wakes  of  D/d  =  3  and  5,  and  this  discrepancy  in  the  flow 
structure  seems  to  be  associated  with  the  solidity  of  the  torus. 
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Topological  complexity  of  a  vortex  tangle 
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In  this  work  wo  study  the  time  evolution  of  th('  topological  complexity  of  a 
turbulent  tangle  of  vortex  filaments  which  move'  according  to  tin'  Biot-Savart 
la.w.  R.econnections  of  vortex  filaments  occur  frequently  and  are  important  to 
the  evolution  of  the  structure  of  the  vortex  tangle.  Since  topology  preservation 
of  the  vortex  filaments  is  broken  b.y  the  reconnections,  the  vortex  line  topology 
is  therefore  a  dynamically  varying  quantity,  and  we  attemi^t  to  characterize  the 
changes  in  the  topological  complexity  of  the  vortex  tangle.  The  advantage  of 
this  model  is  that  the  structure  of  the  turbulence  is  defined  in  a  simple  and 
non- ambiguous  way. 


Length  scales  in  turbulent  superfluid  vortex  line 

tangles 

D.  C.  Samuels  and  D.  Kivotides 
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Contact  e-mail:  d.c.samnelsCf^ncI. ac.uk 

Turbukmce  in  a,  superfluid  consists  of  a  tangle  of  quantised  vortex  filaments 
coupled  to  a  normal  fluid  flow  (a  low  viscosity  fluid  interpenetrating  with  the 
zero  viscosity  superfluid).  We  show  that  the  coupling  of  superfluid  turbulence 
with  the  normal  fluid  causes  a  new  length  scale,  tsch  fo  appear.  The  coupling 
between  th(^  two  fluids  allows  energy  exchange  between  the  components.  For 
su])erffuid  vortex  structures  with  length  scales  below  this  energy  exchange 
can  only  occur  in  one  direction,  from  the  superfluid  to  the  normal  fluid,  so  that 
the  superfluid  loses  energy  below  this  length  scale.  In  this  sense,  isd  acts  as  a 
dissi]:)ation  length  scale;  for  the  superfluid  turbulence. 
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Coherent  Vortex  Simulation  (CVS)  to  compute 
two-dimensional  turbulent  flows  using  wavelets 
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We  propose  a  new  method,  called  Coherent  Vortex  Simulation  (CVS),  to 
compute  the  time  evolution  of  fully-developed  turbulent  flows.  For  this  we  de¬ 
compose  each  flow  realization  into  two  orthogonal  components:  -  A  coherent, 
inhomogeneous,  intermittent  and  non-Gaussian  contribution,  corresponding  to 
the  vortices,  -  An  incoherent,  homogeneous,  non-intermittent  and  Gaussian  con¬ 
tribution,  corresponding  to  the  background  flow  excited  by  the  nonlinear  vortex 
interactions.  The  two  components  have  different  probability  distributions  and 
different  correlations,  hence  different  scaling  laws. 

The  CVS  method  combines  a  deterministic  computation  and  a  statistical 
model. 
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Dimension  of  the  Attractor  of  Turbulence 
revisited:  statistical  mechanics  considerations 
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A  rocciit  tlioory  duo  to  Galhivotti  and  Cohen  links  entropy  pioducdaon  in 
none{}nilibrium,  stationary  dynamical  systems  with  microscopic  chaos.  2D  Navier- 
Stokes  (NS)  turbulence  is  viewed  in  this  framework.  Numerically,  we  find  a 
dynamical  equivalences  of  steady  states  of  the  NS  dynamics,  and  of  those  of  a 
time-reversible  counterpart  (GNS)  which  constrains  some  global  quantity,  and 
lets  the  viscosity  vary  in  time.  GNS  fluctuations  obey  to  the  “Gallavotti-Cohen 
formula”;  Lya])unov  spcsc.tra.  of  NS  of  GNS  coincides  and  appear  to  obey  a  pairing 
rules  characteristies  of  dissipated  Hamiltonian  systems.  Predictions  regarding  the 
dimensiem  of  the'  attraeste-)!'  and  its  esonneestion  with  global  fiuctuatie)ns  e:an  thus 
bes  e:e)ini)aresel  with  e'xperimental  facts,  established  fe)r  eithe'r  NS  or  GNS. 

Self-amplification  of  the  field  of  velocity 
derivatives  in  quasi-isotropic  turbulence 

B.  Galaiiti  '  and  A.  Tsinol^er^ 

'De'partinesnt  of  Che'inical  Physics 
We'i/inanii  Institutes  of  Science'.  7G100  Peliovot,  Israel 
“Departnusnt  of  Fluid  Mee-.hanics  and  Heat  Transfer 
Faculty  ed  Engineesriug,  Tel  Aviv  University,  Tel  Aviv  G997S,  Lsrael 

Ceuitact  e-mail:  barak.galantiCdAveizniann. ac.il 


One  of  the  most  basic  phenomena  and  distinctive'  features  of  three-dimensional 
turbulence  is  the  ])reelominant  vortc'x  stretching,  which  is  manifested  in  positive 
ne4,  euisti-e)phy  gene'ration,  {ujUjSjj)  >  0.  It  is  e:onimonly  believeel  that  this  pro- 
e:ess  is  mainly  ehu'  te)  s(df-(i/fn,])lific(di()'ii.  The^  main  ])uipe)S('  of  this  e;omniunication 
is  a  straightfbrwarel  e:he:e:k  ed  this  belief  by  ine'ans  of  dire'e:t  numerical  sinmlatienis 
e)f  the  Navien-Stoke's  eupiations. 

The:  ke!y  reisult  is  that  the^  epiantitie^s  {ijJiLOjS,j)  aiiel  in  the  equa¬ 

tions  for  and  ,s“  are  three  orelers  of  magnitude  larger  than  the  corresponding 
terms  associated  with  forcing,  uj-r/url  f  and  Sjjfjj.  That  is  indeed  the  process 
of  i)roduction  of  tlu^  fi(dd  of  velocity  derivatives  -  both  vorticity  and  strain  is  a 
s(df- (un/plificatio'n,  process. 
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On  the  calculation  of  streamwise  derivatives  from 
single-point  measurements 

C.F.  Stein  \  A.  Bakchinov^,  J.  Bergh  '  and  L.  LofdahP 

^Department  of  Mathematics,  Chalmers  University  of  Technology, 

S-412  96  Goteborg,  SWEDEN 

^Thermo  and  Fluid  Dynamics,  Chalmers  University  of  Technology, 

S-412  96  Goteborg,  SWEDEN 

Contact  e-mail:  steinC!)niath. chalmers.se 

The  measurement  of  streamwise  gradients  of  fluctuating  quantities  is  a  long¬ 
standing  and  frequently  encountered  prol)lcm  in  fluid  dynaniicis.  For  instance  in 
hot-wire  measurements  Taylor’s  hypothesis  is  used  to  convert  temporal  deriva¬ 
tives  into  spatial  ones.  Unless  the  turbulence  level  is  low,  the  Heskestad  formula 
must  be  invoked  in  the  conversion.  Unfortunately,  the  validity  of  this  formula 
may  be  questioned.  On  the  current  poster  we  present  an  extended  method, 
which  is  based  on  less  restrictive  assumptions.  Results  from  the  two  methods 
are  compared  using  measurements  in  a  boundar}^  layer  with  a  moderate  pressure 
gradient. 


Instantaneous  frequency  of  the  near  wall 
singularities 


S.  Tardu 


Laboratoirc  dcs  Ecoiilemnnts  Gcophysiqncs  ot  Industriels-  LEGI 
B.P.  53-X  38041  Grcnoblc-Ccdex  ;  France 

Contact  c-mail:  tardn@hmg.inpg.fr 

The  wavelet  coefficients  Q{k.t)  are  expressed  as 

r  /■!  1 


t)  =  r{k,  t)  cos 


uji{k,t)dt 


Uo 


where  r{k,  t)  stands  for  the  instantaneous  amplitude  and  bJi{k,  t)  is  the  instanta¬ 
neous  angular  frequency  at  scale  k.  The  random  phase  '(lj{k,  t)  is  deduced  from 
uji{k,t)  =  ujc{k)  -h  where  todk)  is  the  optimum  carrier  frequency.  The 

Rice  canonical  representation  is  used.  The  near  wall  turbulent  signals  behave  as 
a  frequency  shift  key  process  with  random  phase  discontinuities.  The  arrivals  of 
coherent  structures  are  merely  constant  phase  events.  The  jumps  in  frequency 
with  the  same  fraction  of  Uc  are  often  and  repetitively  observed  and  that  can  be 
related  to  the  multifractal  nature  of  the  cascade  process. 
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Large  scales  features  of  the  flow  induced  by 
precession  of  a  rotating  cylinder 

J.  Leorat  \  P.  Lallemand  J.L.  Giiermond  and  F.  Plunian  ^ 

’  01)Sorvatniro  dc  Paris-Moiidon,  92195-Meiidoii,  France 
■■^ASCI,  CNRS,  Bat.50C,  914nO-Orsay,  France 
■^LIMSI,  CNR.S,  BP133,  91403  -  Orsay,  France 
^LEGI,  INPG,  BP53,  38041-  Grenoble,  France 

Contact,  e-mail:  leorat@obsi)m.fr 

W(i  (ixaininc  th(^  prol)l(mi  of  precession  in  the  context  of  thc^  experiincntal  fiuid 
dynamo  (foi'  tlie  Eartli  dynamo,  tlie  issue  was  first  settled  by  W.  Malkiis,  Science, 
Vol. 160, P.259, 1968).  A  driving  mechanism  foi'  tlu'  flow  at  large  scab's  is  needed 
for  such  a  device,  and  })rec(\ssion  of  the  container  may  1)('  considered  as  an  efficicnit 
alternative  to  the  use  of  impellers  or  turbines.  We  }nesent  numerical  simulations 
at  R,(\ynolds  numl)ers  of  a  few  thousands  in  cylindrical  geometry.  They  show 
that  the  optimal  precession  rate  is  around  0.1,  with  comparable  azimutal  and 
meridional  velocities.  An  experimental  setup  designed  for  th(^  study  of  precession 
at  larger  Rx^ynolds  is  pr('sent(xl.  One  presents  also  preliminary  numerical  results 
of  the  kinematic  dynamo  in‘oblem  using  the  computed  precessing  flow. 


Mean  field  hydrodynamics  for  turbulent  flows 
subjected  rotation 


A.S.  P(d,rosyan  and  D.V.  Tsygankov 

Si)acc  Research  Institute,  Russian  Acaflemy  of  Sciences, 

Piolsoyu/naya  84/32,  Moscow,  11/810,  Russia 

Th(!  ])r(^s(mt  study  is  c;oncerned  with  Reynolds  Averaged  Navier-Stokes  equa¬ 
tions  for  rotating  system  with  and  without  convection.  Our  ]nime  interest  here  is 
to  find  nontrivial  ])aranieterizations  of  Reynolds  stresses  describing  contribution 
of  turbidence  subjected  to  rotation  to  the  large-scale  momentnm  flux.  For  this 
purpose  we  us(i  statistical  perturbatioii  methods  to  analyse  the  way  the  basic 
flow  is  modificKl  by  a  weak  large-scale  perturbation.  We  consider  model  homo¬ 
geneous  turbulence  as  an  initial  basic  state  in  Rx'ynolds  stresses  computations. 
It  has  been  found  that  the  presence  of  the  rotation  leads  to  the  additional  terms 
in  the  R.eynolds  stress  ttuisor.  These  tcu  nis  cause  an  additional  wave-like  tians- 
port  of  momentum.  In  the  ]n‘esence  of  convec:tion,  described  in  Boussinesque 
a])j)roximation,  w(;  found  the  possibility  for  decreasing  turbulent  viscosity  value 
in  comparison  with  tin;  rotating  system  without  convection. 
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Computation  of  turbulent  flow  around  periodic 
obstacles  using  a  Krylov-spectral  method  based 
on  Brinkman  penalization 

A.  Cherhabili  and  N.  K.-R.  Kevlahan 

Department  of  Mathematics  and  Statistics,  McMaster  University, 

1280  Main  Street  West,  L8S  4K1,  Hamilton,  Ontario,  CANADA 

A  major  difficulty  in  computing  engineering  flows  is  the  need  of  non-uniform 
grids  adapted  to  solid  boundaries  that  may  be  moving  or  changing  shape.  As  an 
alternative  to  this  problem,  we  use  a  penalization  method  based  on  Brinkman 
law  for  porous  medium  (Angot  et  al,  Numerische  Mathematik  81,  1999).  This 
method  models  the  flow  as  a  porous  medium,  where  the  porosity  is  infinite  in 
the  fluid  part  and  tends  to  zero  in  the  solid  part.  For  Numerical  purposes,  a 
time-evolution  based  on  a  Krylov  method  (stiffly  stable)  is  used  (Edwards  et  al, 
.TCP  110,  1994).  This  combination  (Krylov  Method  +  Brinkman  penalization) 
should  provide  an  efficient  tool  to  study  a  wide  of  variety  of  flows  in  complex 
geometries.  As  a  test-case  we  study  the  flow  around  a  circular  cylinder. 

Buoyancy  generated  turbulent  flows  in 
semi-enclosed  regions:  applications  to 
oil-production  technology 

M.K.  Neophytou,  R.E.  Britt, er 

Computational  Fluid  Dynamics  Laboratory,  Cambridge  University  Engineering 
Department,  Trumpington  Street,  Cambridge  CB2  IPZ,  UK 


We  introduce  a  novel  airproach  entailing  the  complementary  use  of  labora¬ 
tory  experiments,  semi-analytical  modelling  and  Computational  Fluid  Dynam¬ 
ics  (CFD)  in  order  to  address  a  diphasic  buoyancy  driven  turbulent  flow  in  a 
semi-enclosed  region.  Inclincxl  at  45  degrees  to  horizontal,  the  flow  consists  of  a 
dispersed  oil  phase  in  water  continuum  with  a  recirculating  mass  flux  of  oil  which 
this  work  aims  to  predict.  The  diphasic  flow  was  studied  experimentally  using 
Particle  Tracking  Velocimetry  (PTV);  the  oil  phase  was  modelled  using  suitably 
chosen  solid  particles.  A  semi-analytical  model  based  on  integral  arguments  was 
developed  to  predict  the  recirculating  flux  in  the  diphasic  and  a  corresponding 
single-phase  problem;  to  close  the  diphasic  model,  a  particle-size  parameter  is 
required.  The  closure  is  made  by  employing  CFD  to  simulate  the  single-phase 
flow  that  presents  the  same  recirculating  motions  as  those  in  the  diphasic  case. 
The  model  results  are  compared  with  the  available  PTV  data  of  the  diphasic 
flow. 
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On  the  role  of  the  divergence  of  the  velocity  for 
variable  density  flows  in  mixed  or  natural 
convection 

C.  Rx!}’ 

Universitc  d’Aix-Maiseille  III  and 
Inst  it, lit  do  Roolioi  cho  snr  Ics  Phnoiiiones  Hors  d’Equilibro  IRPHE, 

UMR  G594  du  CNRS,  Tcchnoi)61o  do  Cliatoan  Gombort,  F-13451  Marseille  Cedex  20, 

FRANCE 

Contact  o-mail:  clande.rGy(S)VMESA12.U-3MRS.FR 

Tlic  writing  of  the  mass  balances  (for  a  material  and  not  for  a  volume)  and 
the  introduction  of  the  0  =  —ln{p/pr)  variable  allows  to  develop  a  new  analysis 
of  the  variable  density  hows.  Navier-Stokes  equation  is  written  using  this  new 
variable,  with  aiqdication  to  heated  gas  or  liquid  flows,  or  gas  mixing,  in  natural 
or  mixed  convection.  For  each  case,  the  density  variations  are  notable  (p,.  is 
a  rderence  value,  constant,  for  density)  and  the  velocity  is  moderate  so  that 
p' /P  1  (//  is  the  pressure  fluctuation).  This  new  formulation  leads  to  equa¬ 
tions  where  density  effects  are  isolated  and  clearly  identified,  no  simplification  is 
carried  out,  especially  the  divergence  of  the  velocity  is  not  zero.  A  comparison 
between  each  case  of  flow  is  made,  in  terms  of  similarity  limitation. 

Cryogenic  High  Reynolds  Experiment 

B.  Cha])atid',  B.  Ho])ial^,  S.  Pictiopinto^  P.  RocheP,  C.  Baudet^, 
Y.  Gagnc*'^,  E.  HopfingeP'^,  C.  Poulaiii'^. 

B.  Castaiiig'^,  Y.  Ladam^,  O.  Michel’^  A.  Naert\ 

A.  B(Vxagiiot/' ,  J.-P.  Daiiveigiio'^,  P.  Lebniii'  and  R,.  Van-Wcclderen'^ 

’  Coutro  do  Rocliorchos  siir  los  Tios  Bassos  Tomporaturos  (CRTBT)  -  Grcnoblo 

■^Laboratoiro  dos  Ecouleiiioiits  Goophysiqiios  et  Indiistriols  (LEGI)  -  Grenoble 
^Laboratoiro  de  Physique  de  I’Eoole  Nonnalc  Siii)6iionre  (ENSL)  -  Lyon 
"'Laboratoire  Enropoeii  pour  la  Physique  dos  Paitionles  (CERN)  -  Geneve 

We  are  developing  a  new  open  jet  exj^eriment  that  will  use  the  large  liquid 
Helium  facilities  at  the  LEP-LtIC,  in  CERN.  5  K  Helium  gas  will  be  supplied 
from  a  6  kW  cold  ])ower  refrigerator.  Flow  rates  as  high  as  300  g/s  of  Flelium  will 
feed  the  jed;,  that  will  develoj)  inside  an  ex])erirnental  chamlnu’  1.1  in  in  diameter 
and  2.5  m  high.  At  the  nozzle  (25  mm  in  diameter),  the  gas  velocity  can  reach 
up  to  c/2,  where  c  =-  100  m/s  is  the  sound  velocity.  This  should  allow  to  reach 
Taylor-based  R.eynolds  numbers  as  high  as  R,A  =  5500.  Furthermore,  thanks 
to  the  possibility  to  adjust  the  kinematic  viscosity  via  the  gas  pressure,  a  large 
range  of  Reynolds  numbers  can  be  continuously  exiilored.  Local  gas  velocity  or 
temperature  fluctuations  will  be  measured  from  cryogenic  sensors,  and  spectral 
voi'ticity  fi(4d  will  lx;  obtaiiu'd  from  the  Dopjiler  diffusion  of  ultrasonic  waves. 


Miscellaneous 


999 


Experimental  and  numerical  investigation  of  the 
transition  convective  motion  in  a  cylinder 

Minerva  Vargas',  Fernando  Sierra^,  Andrey  Avramenko^  and 

Eduardo  Ramos^ 

^Institiito  Tccnologico  clc  Zacatepec 
Av.  Tecnologico  27  Zacatepec,  Mor.  Mexico 
■^Centro  do  Investigacion  en  Energia  UN  AM 
Ap.34,  62580  Teinixco,  Mor.  Mexico 

We  present  an  experimental  and  numerical  study  of  the  natural  convection  in 
a  cylinder  of  aspect  ratio  (height/diameter)  two  with  water  as  a  working  fluid. 
The  upper  and  lower  walls  of  the  cylinder  are  isothermal  with  the  lower  one 
held  at  a  higher  temperature.  Two  thermocouples  monitor  the  temperature  as 
a  function  of  time  inside  the  cell.  Flow  visualization  is  made  by  videotaping  the 
image  of  tracers  suspended  in  the  fluid  and  illuminated  with  a  green  laser  sheet. 
The  numerical  solution  of  the  convective  motion  under  study  was  obtained  using 
a  code  FLUENT  V5.0  The  flow  observed  in  the  experiments  displays  a  changing 
pattern  that  goes  from  one  single  convective  cell  that  covers  most  of  the  volume 
of  the  cavity,  to  up  to  eight  identifiable  small  cells  that  compete  with  each  other. 

Experimental  investigation  and  numerical 
simulation  of  the  flow  around  a  high  speed  train 

N.  Paradot^  C.  Talotte\  H.  Garem^,  J.  Delville^  and  J.-P.  BoniieG 

’SNCF,  Research  and  Technology  Department 
Physics  of  the  Raihva}^  System  and  Comfort  Unit 
45  rue  de  Londres,  F-75379  Paris  Cedex  08,  FRANCE 
^Laboratoire  d’Etudes  Aerodynamiques,  UMR,  CNRS  6609  /  Universite  dc  Poitiers 
CEAT,  43  route  de  raerodromc,  F-86036  Poitiers,  FRANCE 

Contact  e-mail:  nicolas.paradot@sncf.fr 

Numerical  computations  are  carried  out  at  SNCF,  to  understand  the  struc¬ 
ture  of  the  flow  surrounding  a  high  speed  train,  and  to  improve  the  knowledge 
of  drag  and  its  distribution  into  the  different  elements  of  the  train  .  The  nu¬ 
merical  methodology  developed  consists  in  building  the  complete  topology  of  a 
train  with  three  blocks,  and  in  setting  the  results  of  a  block  at  the  entrance  of 
the  computation  domain  of  the  further  block.  Experimental  data  required  for 
validation  are  obtained  through  wind  tunnel  tests  on  a  five  coaches  configuration 
TGV  model.  Velocity  measurements  are  performed  by  hot-wire  aiiernometry  in 
the  boundary  layer  and  in  the  wake  of  the  mok-up,  and  the  drag  coefficient  is 
measured  for  each  coach.  Results  from  experiments  and  first  computations  are 
presented. 


AUTHOR  INDEX 


Abid,  M.,  15 
Abry,  R,  755 
Achim,  P.,  585 
Adams,  N.A.,  715 
Afanasyev,  Y.,  283 
Airiau,  C.,  157 
Alberghi,  S.,  315 
Alekseenko,  S.V.,  741, 

958 

Aliseda,  A.,  553 
Amati,  G.,  779 
Amielh,  M.,  239 
Andersen,  J.S.,  835 
Andersson,  H.I.,  675 
Andreopouios,  Y.,  707 
Angele,  K.,  349 
Anselmet,  F.,  239,  899, 
903 

Antonia,  R.A.,  801,  903, 
907,  954 
Arad,  L,  775 
Argentini,  S.,  315 
Armenio,  V.,  976 
Auriault,  C.,  988 
Auston,  J.,  509 
Avramenko,  A.,  999 
Ayrault,  M.,  235,  333 


Babiano,  A.,  783 
Baelmans,  M.,  515 
Bailey,  Q.,  950 
Bajer,  K.,  729 
Bakchinov,  A.,  113,  995 
Balaras,  E.,  535 
Barakat,  M.,  865 


Bardakhanov,  S.P.,  961 
Barenghi,  C.F.,  929,  945 
Bassom,  A.P.,  729 
Bastiaans,  R.J.M.,  964 
Bateman,  A.,  968 
Batiste,  0.,  913 
Baudet,  C.,755,  998,  988 
Baur,  T.,  963 
Bavassano,  B.,  843 
Bee,  J.,  851 
Bellazzini,  J.,  603 
Benaissa,  A.,  954,  959 
Bennacer,  R.,  979 
Benzi,  R.,  881 
Bergen,  0.,  967 
Berggren,  M.,  205 
Bergh,  J.,  995 
Berlemont,  A.,  585 
Berrilli,  F.,  843 
Bertoglio,  JR.,  689,  952 
Bezaguet,  A.,  998 
Bezard,  H.,  978 
Biferale,  L.,  763,  775,  987 
Billant,  P.,  19 
Bilsky,  A.,  958 
Binchun,  Feng,  333 
Blackburn,  H.M.,  607 
Blais,  J.S.,  954 
Bockhorn,  H.,  355 
Bodo,  G.,  737 
Boersma,  B.J.,  711 
Boffetta,  G.,  171 
Boger,  M.,  449 
Bognetti,  L.,  973 
Bolding,  K.,  968 
Bonnet,  J.-P.,617,  999 


Borg,  A.,  873 
Borgnat,  P.,  988 
Borodulin,  V.L,  149 
Boubnov,  B.M., 

Bouchon,  F.,  527 
Bountin,  D.A.,  153 
Bowman,  J.C.,  685 
Bramwell,  S.T.,  861 
Branover,  H.,  57,  61,  303 
Bravo-Leon,  E.,  953 
Brethouwer,  G.,  133 
Blitter,  R.E.,  997 
Broglia,  R.,  973 
Brun,  C.,  547 
Bruno,  R.,  843 
Bukasa,  T.,  219 
Bullard,  C.,  41 
Burchard,  H.,  968 
Burton,  G.C.,  523 
Buttighoffer,  A.,  949 


Califano,  A.,  957 
Gambon,  C.,  981 
Camussi,  R.,  611,  771 
Candler,  G.V.,  965 
Carbone,  V.,  843,  948 
Carlotti,  P.,  307 
Cartellier,  A.,  553,  573 
Casas,  P.S.,  943 
Casciola,  C.M.,  83,  483, 
779 

Castaing,  B.,  125,  917, 
988,  998 

Castiglione,  R,  175 
Castillo,  L.,  963 


1002 


Castro,  I.,  455 
Cater,  J.,  958 
Cavaliere,  A.,  970 
Cencini,  M.,  763 
Chabaud,  B.,  125,  917, 
998 

Chagelishvili,  G.D.,  67, 
737 

Chainais,  P.,  755 
Chaisi,  M.,  966 
Chanal,  0.,  125 
Chang,  Z.,  585 
Chara,  Z.,  869 
Chavanne,  X.,  125 
Chen,  J.-Y.,  445 
Chen,  J.H.,  425 
Chen,  S.,  984 
Cheng,  H.,  455 
Cherhabili,  A.,  997 
Cherny,  I.S.,  741 
Chernykh,  G.G.,  960 
Chertkov,  M.,  621 
Chilla,  F.,  990 
Chkhetiani,  0.,  57,  947 
Choi,  Haecheon,  105,  459 
Choi,  Joonhyuk,  105 
Chomaz,  J.-M.,  19 
Chong,  M.S.,  821,  962 
Chorny,  A.D.,  951 
Chung,  Yongmanii  M., 
109 

Ciraolo,  G.,  341 
Clercx,  633 

Coantic,  M.,  899 
Coleman,  G.N.,  415 
Consolini,  G.,  843 
Copcnhaver,  W.,  983 
Coquart,  L.,  983 
Couaillier,  V.,  975 
Cressrnan,  J.R.,  23,  950 
Cuenot,  B.,  441 


da  Silva,  C.B.,  93,  976 


de  Bruin,  I.C.C.,  539 
de  Lange,  H.C.,  964 
Dahm,  W.J.A.,  523 
Dalziel,  S.B.,  379 
Danaila,  L.,  187,  903 
Darabi,  A.,  201 
Dauchot,  0.,  79 
Daumont,  L,  987 
Dauvergne,  J.-P.,  998 
Davila,  J.,  953 
Davis,  S.A.,  97 
Dawes,  W.N.,  213 
De  Angelis,  E.,  483 
Deane,  A.E.,  287 
Delville,  J.,  617,  999 
Demircan,  A.,  944 
Derksen,  J.,  956 
Di  Cicca,  G.M.,  345 
Di  Mascio,  A.,  973 
Diamessis,  P.J.,  679 
Ditlevsen,  P.D.,  847 
Djenidi,  L.,  954 
Dombre,  T.,  987 
Donnelly,  R.J.,  925 
Dopazo,  C.,  183,  223,  973 
Doris,  L.,  543 
Dowling,  D.R.,  523 
Dubois,  T.,  527 
Dubrulle,  B.,  629 
Ducros,  F.,  441 
Dunn,  D.C.,  671 
Duplat,  J.,  179 


Eckhardt,  B.,  71 
Eidelman,  A.,  57,  61,  303 
Elmo,  M.,  952 
Eloy,  C.,  725 
Elperin,  T.,  952,  953,  970 
Espinoza,  J.,  962 
Estevadeordal,  J.,  945, 
946,  983 
Ewing,  D.,  959 


Falques,  A.,  375 
Farge,  M.,  745,  793,  797 
Favier,  V.,  429 
Favini,  B.,  973 
Fedorovich,  E.,  367 
Fedotov,  G.A.,  966 
Fernholz,  H.-H.,  253,  321 
Ferre,  J.A.,  955 
Fischer,  P.F.,  287 
Flandrin,  P.,  988 
Fleck,  B.A.,  954,  959 
Forkel,  H.,  445 
Fortin,  J.-Y.,  861 
Friedrich,  R.,  547,  659, 
759 

Frisch,  U.,  851 
Fuchs,  L.,  873 
Fukunishi,  Y.,  950 
Fureby,  C.,  595 
Furuichi,  Noriyuki,  961 


Gad-el-Hak,  M.,  113 
Gagne,  Y.,  988,  998 
Galanti,  B.,  994 
Gao,  Ge,  277 
Garem,  H.,  999 
George,  W.K.,  963 
Gerlinger.  W.,  355 
Geurts,  B.J.,  539 
Gibson,  C.H.,  857 
Gilbert,  A.D.,  729 
Giralt,  F.,  249,  955 
Giuliani,  P.,  847 
Glezer,  A.,  97 
Godeferd,  F.S.,  981 
Godfrey,  S.P.,  945 
Gogineni,  S.,  946,  983 
Gogoberidze,  G.T.,  737 
Golbraikh,  E.,  57,  947, 
948 

Goldburg,  W.I.,  23,  950 
Goldfeld,  M.A.,  719,  944 
Gordienko,  S.,  303 


1003 


Gorokhovski,  M.,  951 
Gorrell,  S.,  983 
Goss,  L.,  946,  983 
Gotoh,  T.,  693 
Grappin,  R.,  949 
Grebenev,  V.,  359 
Grek,  G.R.,  121 
Grinstein,  F.F.,  595 
Grossmann,  S.,  921 
Gualtieri,  P.,  779 
Guermond,  J.L.,  996 
Guixiang,  Cui,  333 
Gutmark,  E.,  101 


Haber,  L.,  101 
Hacker,  J.N., 

Hagiwara,  Y.,  487,  557 
Hahn,  Seonghyeon,  105 
Hainaux,  F.,  553 
Hammami,  T.,  979 
Hancock,  P.E.,  419 
Hanifi,  A.,  157 
Hanjalic,  K.,  53 
Hardman,  J.R.,  419 
Hazarika,  B.K.,  957 
Hebral,  B.,  125,  917,  998 
Henningson,  D.S.,  157, 
205 

Himeno,  R.,  663 
Hirsch,  Ch.,  957 
Hodson,  H.P.,  213 
Holdsworth,  P.C.W.,  861 
Hopfinger,  E.,  998 
Horvath,  V.K.,  23 
Hsu,  J.,  971 
Hu,  Z.W.,  561 
Huerre,  P.,  27,  889 
Hunt,  J.C.R.,  307 
Huppertz,  A.,  253 
Huttl,  T.J.,  547 
Hyers,  R.W.,  41 


Ilyushin,  B.B.,  363,  980 
Im,  H.G.,  425 
Imamura,  T.,  487 
Ishikawa,  H.,  825 
luso,  G.,  345,  787 
Iwase,  S.,  655 
Izawa,  S.,  825 


Jackson,  J.D.,  982 
Janicka,  J.,  445,  982 
Jarza,  A.,  960 
Jimenez,  C.,  223,  441, 
973 

Jimenez,  J.,  463,  637 
Johansson,  A.V.,  395, 

399 

Johansson,  P.,  113 
Jones,  W.R,  497 
Jorba,  A.,  943 
Jullien,  M.-C,  175 
Jurgens,  W.,  273 


Kachanov,  Y.S.,  149 
Kaltenbach,  H.-J.,  269, 
273,  972 
Kaneda,  Y.,  693 
Kapusta,  A.,  948 
Kawahara,  G.,  463,  733 
Kawamura,  H.,  972 
Keller,  K.H.,  625 
Kempf,  A.,  445 
Kenjeres,  S.,  53 
Kennedy,  I.M.,  509,  565 
Kevlahan,  N.K.-R.,  629, 
997 

Khan,  Md.A.L,  989 
Khanin,  K.,  851 
Kholmyansky,  M.,  895 
Khoo,  B.C.,  813 
Khotyanovsky,  D.,  161 
Khujadze,  G.R.,  67 
Kida,  S.,  647,  733 


Kikuchi,  S.,  950 
Kim,  J.,  415 
Kivotides,  D.,  929 
Kiya,  M.,  825 
Kleeorin,  N.,  952,  953, 
970 

Kleiser,  L.,  715 
Knobloch,  E.,  913 
Koengeter,  J.,  967 
Kollmann,  W.,  425,  509, 
565,  821 
Komai,  N.,  557 
Kdngeter,  J,.  963 
Kontomaris,  K.,  956 
Kopp,  G.A.,  249 
Koptsev,  D.B.,  149 
Kostas,  J.,  265 
Kozlov,  V.V.,  121 
Krogstad,  P.-A.,  475 
Kudryavtsev,  A.,  161 
Kumar,  S.,  31 
Kunugi,  T.,  231,  663 
Kurgansky,  M.V.,  967 


Labbe,  R.,  861 
Lacor,  C.,  515 
Ladam,  Y.,  998 
Ladeinde,  F.,  433 
Lallemand,  P.,  996 
Langford,  J.A.,  591 
Lanotte,  A.,  947,  987 
Lasheras,  J.C.,  553,  569, 
573 

Lasserre,  J.-J.,  899 
Le  Dizes,  S.,  725,  805 
Le  Gal,  P.,  725 
Leboeuf,  F.,  975 
Lebrun,  P.,  998 
Lee,  L,  986 
Lele,  S.K.,  711 
Lemay,  J.,  954 
Lentini,  D.,  980 
Leonard,  A.,  599 


1004 


Leorat,  J.,  949,  996 
Lepreti,  F.,  843 
Lesieur,  M.,  531 
LevSque,  E.,  755,  831 
Leweke,  T.,  15 
Li,  H.,  245 
Li,  Jiaiikang,  982 
Lim,  T.T.,  813 
Linden,  P.F.,  379 
Lindgren,  B.,  399 
Lindstedt,  R.P.,  493 
Lipniacki,  T.,  937 
Liu,  W,  433 
Lofdahl,  L.,  113,  995 
Lohse,  D.,  921 
Lombard,  A.,  617 
Lominadze,  J.G.,  67 
Lopez,  J.M.,  193,  813 
Loiirenco,  L.,  201 
Liick,  St.,  759 
Liimlcy,  J.L.,  3 
Luo,  K.H.,  561 
Luo,  Kai.  H.,  109 
Luo,  X.Y.,  561 
Lygren,  M.,  675 


Maeda,  Y.,  557 
Maekawa,  H.,  87 
Mahalingam,  S.,  971 
Mahjoub,  O.B.,  783 
Makita,  H.,  291,  337 
Mallier,  R.,  49 
Maltsev,  A.,  982 
Manhart,  M.,  659,  667 
Mann,  J.,  839,  877 
Manneville,  P.,  75 
Manuilovich,  S.V.,  117 
Marchioli,  C.,  964 
Marcq,  P.,  767 
Markovich,  D.,  958 
Marques,  F.,  193 
Martmez-Bazan,  C.,  569 
Martin,  J.,  183 


Martin  Vide,  J.P.,  968 
Martinez  Benjamin,  J.J., 
969 

Maslov,  A. A.,  153 
Mastrantonio,  G.,  315 
Mathieu,  P.P.,  968 
Matsunaga,  S.,  291 
Matsuo,  Y.,  972 
Mazzino,  A.,  947 
Mazzitelli,  L,  775 
McComb,  W.D.,  697 
McGuirk,  J.J.,  227 
McLaughlin,  J.,  956 
Medeiros,  M.A.F.,  197 
Meinke,  M.,  329 
Meng,  H.,  946 
Menon,  S.,  505 
Mercader,  L,  913,  943 
Meimier,  P.,  15 
Meyers,  J.,  515 
Michel,  0.,  998,  988 
Mikhailovich,  B.,  948 
Minier,  J.P.,  219,  981 
Mironov,  D.V.,  299 
Miyake,  Y.,  403 
Miyauchi,  T.,  655 
Moeleker,  P.,  599 
Moez,  Y.,  87 
Mohamad,  A. A.,  979 
Moin,  P.,  385 
Moiseev,  S.,  57,  61,  303, 
947 

Moisy,  F.,  835 
Montahes,  J.L.,  569 
Montoto,  A.,  375 
Morrison,  J.F.,  671,  959 
Morrison,  P.J.,  685 
Moser,  R.D.,  591 
Muhammad-Klingmann, 
B.,  349 

Murakhtina,  T.O.,  817 
Mydlarski,  L.,  187 
My  ska,  J.,  869 


Naguib,  A.,  411 
Nazarenko,  S.V.,  629 
Neophytou,  M.K.,  997 
Net,  M.,  913,  943 
Nicolleau,  F.,  167,  295 
Niemela,  J.J.,  925 
Nieuwstadt,  F.T.M.,  133 
Nishizawa,  A.,  337 
Nomura,  K.K.,  679 
Noza.wa,  K.,  974 


Oberlack,  M.,  865 
O’Brien,  E.,  433 
Oesterle,  B.,  977 
Okkels,  F.,  986 
Okulov,  V.L.,  817 
Olivieri,  A.,  83 
Onorato,  M.,  345,  787 
Ooi,  A.,  821,  962 
Ooms,  G.,  977 
Orellano,  A.,  257 
Ossia,  S.,  531 
Osterlund,  J.M.,  395,  399 
Ott,  S.,  839,  877 
Ozaki,  Yasuhiro,  961 


Pappa,  D.,  970 
Paradot,  N.,  999 
Parpais,  S.,  689 
Paschereit,  C.O.,  101 
Pearson,  B.R.,  984 
Peinke,  J.,  759 
Pellegrino,  G.,  797 
Petrosyan,  A.S.,  996 
Pfitzner,  M.,  501 
Pier,  B.,  27 
Pierce,  C.,  385 
Pietri,  L.,  239 
Pietropaolo,  E.,  843 
Pietropinto,  S.,  998 
Pietryga,  J.,  977 
Pinelli,  A.,  463 


1005 


Pino  Martin,  M.,  965 
Pino,  D.,  943 
Pinton,  J.-F.,  861 
Piomelli,  U.,  535 
Pitsch,  H.,  385 
Piva,  R.,  83,  483,  779 
Platonov,  A.,  969 
Ploss,  A.,  455 
Plunian,  F.,  996 
Podolski,  M.,  960 
Poelma,  C.,  977 
Politano,  H.,  948 
Pollard,  A.,  959 
Ponlain,  C.,  998 
Pouquet,  A.,  948 
Powell,  K.G.,  523 
Pozorski,  J.,  219,  981 
Pralits,  J.O.,  157 
Prasad,  A.K.,  957 
Prigent,  A.,  79 
Procaccia,  I.,  775 
Protas,  B.,  793 
Pumir,  A.,  621 
Pungin,  V.,  947 


Queiros-Conde,  D.,  985 
Qiiemere,  P.,  975 
Quinn,  A.P.,  697 


Reveillon,  J.,  581 
Ragucci,  R.,  970 
Rambaud,  P.,  977 
Ramos,  E.,  999 
Reau,  N.,  209 
Redondo,  J.M.,  783,  968, 
969 

Rehab,  H.,  954 
Renner,  Ch.,  759 
Rettemeier,  K.,  967 
Rey,  C.,  998 
Ribas,  F.,  375 
Riethmuller,  M.L.,  977 


Ripa,  P.,  371 
Ritchie,  B.D.,  97 
Rivero,  A.,  955 
Roche,  R,  125,  917,  998 
Rogachevskii,  L,  952, 
953,  970 
Rojas,  J.,  962 
Romano,  G.R,  341 
Rondoni,  L.,  994 
Roquemore,  M.,  946 
Rosenstein,  T.,  963 
Rossi,  R,  737 
Rottman,  J.W.,  625 
Ruiz-Chavarria,  G.,  831 
Rusak,  Z.,  809 
Riitten,  F.,  329 


Sffitran,  L.,  261 
Sabel’nikov,  V.,  951,  952 
Sadiki,  A.,  445,  979,  982 
Sagaiit,  P.,  617,  975 
Salinas  Vazquez,  M.,  975 
Salvetti,  M.V.,  964 
Samuels,  D.C.,  929,  945 
San  Gil,  I.,  984 
Sandham,  N.D.,  407 
Santangelo,  P.J.,  565 
Santy-Ateyaba,  K.,  701 
Sarkar,  S.,  437,  539 
Sassa,  K.,  291 
Satake,  S.,  663 
Sato,  N.,  403 
Savill,  A.M.,  213 
Schmidts,  M.,  325 
Schmiegel,  A.,  71 
Schmitt,  F.,  957 
Schneider,  K.,  355,  745, 
793,  797 

Schober,  M.,  321 
Schroder,  W.,  329 
Schumacher,  J.,  45 
Scott,  J.F.,  981 
Seah,  R.K.M.,  813 


Seehafer,  N.,  45,  944 
Segre,  E.,  994 
Seitzman,  J.M.,  97 
Sello,  S.,  603 
Sen,  M.,  113 
Serizawa,  A.,  231 
Shadwick,  B.A.,  685 
Shen,  J.,  193 
Shin,  Dongshin,  459 
Shingai,  K.,  972 
Shiplyuk,  A.N.,  153 
Shraiman,  B.,  621 
Shtork,  S.L,  741 
Sidorenko,  A. A.,  153 
Sierra,  F.,  999 
Simoens,  S.,  235 
Skrbek,  L.,  925,  933 
Smith,  S.T.,  701 
Sokoloff,  D.,  952,  953 
Soldati,  A.,  964 
Soria,  J.,  265,  821,  958, 
962 

Sorriso-Valvo,  L.,  948 
Sosinovich,  V.A.,  951 
Spalart,  P.R.,  415 
Spazzini,  P.G.,  345 
Spille,  A.,  972 
Sreenivasan,  K.R.,  925, 
984 

Staicu,  A.D.,  751 
Stalp,  S.R,.,  933 
Stamatellos,  A.,  955 
Stapountzis,  H.,  955 
Starov,  A.V.,  719 
Stein,  C.F.,  995 
Stolz,  S.,  715 
Stretch,  D.,  966 
Stretch,  D.D.,  625 
Sung,  Hyung  Jin,  109, 
986 

Suzuki,  Y.,  403 


Tabeling,  R,  175,  835 


1006 


Takagaki,  S.,  487 
Takeda,  Yasushi,  961 
Talotte,  C.,  999 
Tampieii,  F,,  315 
Tainura,  T.,  974 
Tanahashi,  M.,  655 
Tanaka,  M.,  487,  557, 
733 

Tang,  G.,  227 
Taniorc,  A.,  977 
Tardu,  S.,  471,  995,  978 
Tenaiid,  C.,  543,  983 
Tevzadze,  A.G.,  737 
Tliater,  J,,  367 
Theofilis,  V.,  35 
Thomson,  D.J.,  167 
Tosdii,  F.,  831 
Touil,  H.,  689 
Ti-apaga,  G.,  41 
Ti-emblay,  F.,  659 
Tsinober,  A.,  407,  895, 
994 

Tsipas,  D.,  955 
Tsujimoto,  K.,  403 
Tsygankov,  D.V.,  996 
Tiifo,  H.M.,  287 
Tiiinin,  A.,  209 


Valiho,  L.,  183,  223,  973 


Van  Atta,  C.W.,  625 
van  de  Water,  W.,  751, 
984 

Van-Weelderen,  R.,  998 
Vander  Wal,  R.L.,  509 
Vaos,  E.M.,  493 
Vargas,  M.,  999 
Vasanta  Ram,  V.,  325 
Vasechkin,  V.,  958 
Vassilicos,  J.C.,  167,  295, 
953,  985,  989 
Vedy,  E.,  974 
Velasco,  D.,  968 
Veltri,  P.,  948 
Venas,  B.,  261 
Venugopal,  P.,  591 
Vergni,  D.,  763 
Vernet,  A.,  249 
Vervisch,  L.,  429,  581 
Verzicco,  R.,  611,  771 
Vcynante,  D.,  449 
Vicedo,  J.,  213 
Vigdorovich,  I.L,  467 
Villarreal,  M.R.,  968 
Villermaux,  E.,  179 
Villone,  B.,  851 
Vilmin,  S.,  213 
Vingont,  J.-Y.,  235 
Viola,  A.,  315 
Vittori,  G.,  976 
Voke,  P.R.,  145,  974 
Volker,  S.,  591 


von  Ellenrieder,  K.,  265 
von  Lukowicz,  J.,  963 
Voropayeva,  O.F.,  960 
Vulpiani,  A.,  763 


Wallace,  J.M.,  235,  535 
Walk,  C.,  411 
Weerasinghe,  R.,  497 
Wengle,  H.,  257 
Westerweel,  J.,  957,  977 
Wiliaime,  H.,  835 
Woodward,  S.,  959 
Wu,  X.L.,  23 
Wygnanski,  L,  201 


Yakovenko,  S.N.,  980 
Yamamoto,  K.,  87 
Yamamoto,  Y.,  231 
Yanase,  S.,  733 
Yang,  Z.Y.,  145,  227 
Yokokawa,  Y.,  950 
Yong,  Yan,  277 
Yorish,  S.,  895 
Yurchenko,  N.,  479 


Zhou,  T.,  801,  903,  907 
Zhou,  Y.,  245 
Zilitinkevich,  S.,  311 


